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TO: All Report Recipients 

1. The technical report transmitted herewith represents the results of 
one research effort (work unit) initiated as part of Task 6C (Turbidity 
Prediction and'control) of the Corps of Engineers' Dredged Material 
Research Program (DMRP). Task BC, part of the Disposal Operations Project 
of the DMRP, was concerned with investigating the problem of turbidity; 
developing methods to predict the nature, extent, and duration of turbidity 
around dredging and disposal operations; and evaluating methods for 
controlling the generation and dispersion of turbidity. 

2. Although there are still many questions about the direct and indirect 
effects of different levels of turbidity on aquatic organisms, turbidity 
generated by dredging and disposal operations at least can be aesthetically 
displeasing. Therefore, regardless of ecological effects, high levels of 
turbidity generated by both dredging and disposal operations must be 
controlled when such measures are deemed necessary. To this end, the study 
reported herein was conducted to provide guidance on the use of silt curtains. 
The study was conducted by the JBF Scientific Corporation, Wilmington, 
Massachusetts. 

3. Although silt curtains have frequently been used over the past several 
years to enclose areas containing turbid water, very little was known about 
their functional capabilities. This particular study was undertaken to 
inventory and evaluate silt curtain specifications and deployment systems; 
determine effectiveness with respect to curtain construction and deployment, 
operational conditions, a nd limitations of environmental conditions; and 
develop guidelines for silt curtain implementation. These goals were 
accomplished through a combination of analytical studies and field measure- 
ments made during actual silt curtain operations. 

4. Silt curtains or turbidity barriers are flexible impervious barriers 
that hang vertically from surface flotation to a specified water depth. 
When silt curtains are used to enclose open-water pipeline disposal 
operations, the vast majority (95 percent or more) of the dredged material 
slurry descends to the bottom of the disposal area where it forms a fluid 
mud layer. The remaining 5 percent or less of the dredged material slurry 
is responsible for the turbidity.in the water column. While the curtain 
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encloses an area where some of the fine-grained-material may flocculate 
and/or settle, most of this fine-grained suspended material remains in the 
water column above the fluid mud layer and escapes with the flow of water, ' 
and fluid mud under the curtain. In this manner, a silt curtain that is 
properly deployed and maintained provides a mechanism for controlling the 
dispersion of turbid water by diverting its flow under the curtain. Silt 
curtains, however, are not designed to contain the fluid mud layer on the 
bottom within the curtain area. In fact, when the fluid mud layer 
accumulates to the depth of skirt, the curtain must be moved out of the 
way of the discharge to prevent sediment buildup that will pull the curtain 
underwater and eventually bury it. 

5. The effectiveness of the silt curtain (defined as the degree of 
turbidity reduction outside the curtain relative to turbidity levels 
inside the curtain) depends on the nature of the operation, the charac- 
teristics of the material in suspension, the type, condition, and deployment 
of the silt curtain, the configuration of the enclosure, and the hydro- 
dynamic regime present at the site. Under quiescent conditions turbidity 
levels 0utside.a curtain that is properly deployed and maintained may be 
reduced by 80 to 90 percent. In other cases where the curtain skirt 
sweeps the bottom and resuspends sediment as the tidal currents change 
direction, turbidity levels outside the curtain can be higher than inside. 
Unfortunately, the effectiveness of a silt curtain decreases as the current 
velocity in the area increases due to flare of the curtain and resuspension 
of sediment. An upper limiting current velocity for typical silt curtain 
usage appears to be approximately 1.5 ft/sec. 

6. The results of this study were used to prepare final guidelines for 
specifying and proper operation of silt curtains. These final guidelines 
will be contained in the DMRP synthesis report on Task 6C. 

JOHN L. CANNON 
Colonel, Corps of Engineers 
Commander and Director 
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SUMMARY 

Dredging and open-water disposal operations often generate turbidity 

by suspending fine-grained dredged material in the water column. Although 

silt curtains have frequently been used over the past several years to 

inclose areas containing turbid water, very little is known about their 

functional capabilities. This particular study was undertaken to inventory 

and evaluate silt curtain specifications and deployment systems; determine 

their effectiveness with respect to curtain construction and deployment, 

operational conditions, and limitations of environmental conditions; and 

develop guidelines for silt curtain implementation. These goals were 

accomplished through a combination of analytical studies and field measure- 

ments collected during actual silt curtain operations. 

Silt curtains or turbidity barriers are flexible, impervious barriers 

that hang vertically from surface flotation to a specified water depth. 

When silt curtains are used to inclose open-water pipeline disposal oper- 

ations, the vast majority (95 percent or more) of the dredged material slurry 

descends to the bottom of the disposal area where it forms a fluid mud 

layer that slopes away from the discharge point at a gradient of 1:lOO 

to 1:200. The remaining 5 percent or less of the dredged material slurry is re- 

sponsible for the turbidity in the water column above the fluid mud layer. 

While the curtain incloses an area where some of the fine-grained material 

may flocculate and/or settle, most of this fine-grained suspended material 

remains in the water column above the fluid mud layer and escapes with the 

flow of water and fluid mud under the curtain. In this manner a silt 

curtain that is properly deployed and maintained provides a mechanism for 

controlling the dispersion of turbid water by diverting its flow under the 

curtain, thereby minimizing the dispersion of the turbid water in the 

upper water column outside the silt curtain. Silt curtains, however, are 

not designed to contain the fluid mud layer on the bottom within the 

curtained area. In fact, when the fluid mud layer accumulates to the 

depth of the skirt, the curtain must be moved out away from the discharge 

to prevent sediment buildup on the lower edge of the skirt, which will 

pull the curtain underwater and eventually bury it. 
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The effectiveness of a silt curtain, defined as the degree of tur- 

bidity reduction outside the curtain relative to the turbidity levels 

inside the curtain, depends on the nature of the operation; the charac- 

teristics of the material in suspension; the type, condition of, and method 

for deploying the silt curtain; the configuration of the inclosure; and 

the hydrodynamic regime present at the site. Under quiescent conditions 

turbidity levels outside a curtain that is properly deployed and maintained 

may be reduced by 80 to 90 percent of the levels inside; in other cases, 

where the curtain skirt sweeps the bottom and resuspends sediments as 

the tidal currents change direction, turbidity levels outside the curtain 

can be higher than levels inside. This situation can be improved by 

anchoring the curtain at lOO-ft intervals from both sides and allowing 

approximately 1 ft of clearance between the lower edge of the skirt and the 

surface of the fluid mud layer. Unfortunately, the effectiveness of a 

silt curtain decreases as the current velocity in the area increases due 

to flare of the curtain and resuspension of sedtment. An upper-limiting 

current velocity for typical silt curtain usage appears to be approxi- 

mately 1.5 ft/sec. 
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PREFACE 

The U. S. Army Corps of Engineers was authorized by the River and 

Harbor Act of 1970 to conduct a comprehensive nationwide study concerned 

with the disposal of dredged material. The task of developing and imple- 

menting the study was assigned to the U. S. Army Engineer Waterways Ex- 

periment Station (WES), which established the Dredged Material Research 

Program (DMRP). The DMRP was sponsored by the Office, Chief of Engin- 

eers, U. S. Army. 

The purpose of the DMRP was to provide more definitive information 

on the environmental impact of dredging and related disposal operations 

and to develop new or improved disposal practices. Task 6C of the DMRP, 

entitled "Turbidity Prediction and Control," included several research 

efforts to evaluate techniques that might be implemented to control or 

mitigate turbidity generation. 

In the work reported herein, one such technique, the use of silt 

curtains, was investigated. Mr. Edward E. Johanson coordinated the 

study for JBF Scientific Corp., Wilmington, Mass. The work was supervised 

by the WES Environmental Laboratory (EL). Mr. Charles C. Calhoun, Jr., 

Manager, DMRP Disposal Operations Project, was the Contracting 

Officer's Representative. Under Mr. Calhoun's supervision, Mr. 

Thomas K. Moore and Dr. William D. Barnard, manager of Task 6C, provided 

guidance to the,work and monitored progress throughout the contract. 

Mr. A.J. Breithaupt was Contracting Officer. 

Directors of WES during the study were COL G. H. Hilt, CE, and COL 

J. L. Cannon, CE. Technical Director was Mr. F. R. Brown. Chief of EL 

was Dr. John Harrison. 
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AN ANALYSIS OF THE FUNCTIONAL CAPABILITIES 

AND PERFORMANCE OF SILT CURTAINS 

CHAPTER I: INTRODUCTION 

1. Dredging and the disposal of dredged material in open water 

generate turbidity by suspending fine-grained particles of dredged 

material in the water column. While the direct and indirect effects 

of different levels of turbidity on water quality and aquatic organisms 

have not been quantified in detail, the aesthetic effects of discolor- 

ing the water and reducing its clarity are displeasing. Turbidity can 

be mitigated under some conditions, by the proper use of silt curtains. 

2. Silt curtains or turbidity barriers are vertical barriers, 

designed to inclose or contain the turbid water generated by a dredging 

operation. Curtains are manufactured for a variety of depths and, in 

general, their design includes four elements (as shown in Figure 1): 

a skirt that forms the barrier, flotation material at the top, ballast 

weight at the bottom, and usually a tension cable. The flotation and 

ballast serve to maintain the deployed curtain in a vertical position, 

while the tension cable absorbs the loads imposed by the hydrodynamic 

(.current) forces. In some curtain designs the skirt absorbs this load 

and the tension cable is not included. 

3. The basic purpose of silt curtains is to provide a barrier 

extending from the water surface to several feet below the surface 

(or, in the case of shallow water, to the bottom), which prevents the 

turbid water near the surface from spreading either by dispersion or 

by current flow. Flow may occur under the curtain; however, this sub- 

surface flow of turbid water usually becomes well dispersed before 

it rises to the surface downstream of the curtain and, hence, surface 

turbidity outside the curtain is reduced. In this study curtain 

effectiveness is defined as the degree of turbidity reduction outside 

as compared to inside the curtain inclosure. 
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4. Silt curtains have been used on a wide variety of engineering 

and construction projects. In addition to dredging operations they have 

also been used across ditches and spillways; on marine construction jobs 

including outfalls, pile driving, highways, and a bridge across a lake; 

as baffling with several tiers across the mouth of a canal; to enclose 

the discharge from a confined disposal area, as well as to baffle the 

flow within disposal areas. During dredging and open-water disposal 

operations, curtains are deployed in such a way as to surround the dis- 

charge point, or to form a barrier downstream of the turbid region. 

Fully deployed curtains may be made up of several lOO-ft* sections 

joined to provide the required overall curtain length. The deployed 

curtain may be moored in position by several anchors that serve to 

hold the curtain position and shape during tidal cycles or current 

shifts. Examples of curtain deployment configurations are presented 

in the case studies of Section III of this report. 

5. The primary goal of the present study is to investigate the 

functional capabilities and performance of silt curtains as a means of 

controlling the degree and extent of turbidity. Prior to this study, 

very little engineering data were available to assess the feasibility 

of using silt curtains or turbidity barriers to control turbidity. A 

number of reports 1,2,3,4 had been written on silt curtain performance, 

but little useable information concerning effectiveness of different 

deployment geometries was included. Therefore, the four primary 

objectives of this study were to inventory silt curtain specifications, 

evaluate deployment systems, determine silt curtain effectiveness, and 

recommend new designs and concepts. The latter three tasks were 

accomplished through a combination of analytical work and field 

measurements on actual dredging projects. However, because of the 

limited range of curtain deployment conditions available for observa- 

tion and because of the often inadequate curtain maintenance found in 

*A table of factors for converting U.S. customary units of measurement 
to metric (SI) units is presented on page 11. 
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the field, the field measurements had to be supplemented by a special 

field test program of the physical behavior of silt curtains. 

6. In the following sections of this report, the experiences of 

early users are summarized, the analytical studies are presented, and 

the field measurements are described and compared to the analytical 

results. These discussions are followed by a description of silt cur- 

tain characteristics and a section on silt curtain utilization, which 

may be helpful in preparing silt curtain specifications and providing 

guidance for the purchase and deployment of silt curtains. 
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CHAPTER II: PRESENT DESIGN AND UTILIZATION OF 
SILT CURTAINS 

Historical Framework 

Past Usage 

7. A recognition of the need to control turbidity caused by 

dredging, disposal, and highway construction operations led to the early 

attempts to develop and use silt curtains. In general, these attempts 

were limited by the materials available to the contractor doing the work. 

The first curtains used pervious filter cloth or untreated canvas. 

Flotation was provided by logs, lobster floats, and barrels. Chains, 

cans of concrete, sections of pipe, and the like were used as ballast, 

attached to grommeted holes in the bottom edge of the curtain. These 

devices were then tied to poles driven into the bottom. The adjacent 

sections of curtain were presumably joined by lacing through grommeted 

holes on the ends of each section. The pervious material quickly became 

plugged with silt, grew heavy, and sank. Untreated canvas supported 

marine growth and rapidly disintegrated. Storms invariably destroyed 

the curtains. Such primitive attempts, with their attendant problems, 

undoubtedly formed the basis for the surviving negative opinions of silt 

curtains. Some of the early studies of silt curtain use and curtain 

performance are outlined in the following paragraphs. 

8. Ekey' reported on a pervious "diaper" made of 12-0~ untreated 

canvas sailcloth, supported on the surface by Styrofoam lobster trap 

floats. While the curtain did reduce turbidity initially, it rapidly 

deteriorated and sank. Later models of flexible 16-mil vinyl plastic 

and lo-mil Visqueen were torn and penetrated by sharks and turtles. 

Since the author concluded that the curtain need not be porous, most 

subsequent curtains were constructed with nonporous fabric with the 

exception of one manufacturer who provides webbing and screen material 

that may be used as a curtain or as a control for debris. Roberts2 

also discussed the diaper and documented many of the problems that were 
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observed, including silt washing over the top of the curtain and leak- 

age around the ends. 

9. Morneaultj documented tests where a curtain was used around a 

dredge as well as around the return flow from land disposal areas. 

Effectiveness of the curtain around the dredge was not established, and 

the turbidity levels in the return flow were so low that curtain effec- 

tiveness could not be evaluated in the disposal area. 

10. The Mobile District4 conducted an extensive silt curtain 

experiment in 1971. Two thousand ft of 20-mil commercial (vinyl) curtain 

were deployed in a circle, attached to peeled pine poles driven into the 

bottom. Wave action pushed the curtain up the poles causing the curtain 

material to be punctured. It was repaired and lashed to the poles. Due 

to chafing, the lines parted and the curtain was severely damaged. 

11. To offset the problems encountered with these early curtains, 

the skirt material was replaced with various thicknesses of polymeric 

films and reinforced with embedded woven fiber. Flotation and ballast 

were heat-sealed into the material to become integral members of commer- 

cial silt curtains. Pole and timber supports yielded to conventional 

anchor-buoy systems. Many of these developments were spin offs from 

oil boom technology, and their incorporation into the design of the 

silt curtain greatly enhanced its deployment, general effectiveness, 

and survival. Thus the early, primitive silt curtain has evolved into 

a product that equals, and in some cases, exceeds, the oil boom in 

terms of its construction. 

Present Usage 

12. In order to describe current silt curtain use, additional 

information was solicited from the U.S. Army Corps of Engineers, 

dredging contractors, and silt curtain manufacturers. Typical infor- 

mation sought concerned the nature of the project where the curtain 

was used, the characteristics of the environment in which it was 

placed, the contractor performing the work, the type and specifications 
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of the silt curtains employed, the degree of success achieved by the 

curtains, problems encountered in any aspect of their use, any quanti- . 

tative data generated by monitoring the effectiveness of the curtains 

while in use, methods of transporting, mooring, and maintaining the 

curtain. 

13. Despite the improvements in silt curtain design and deploy- 

ment techniques, the contractors who had more recent experience with 

silt curtains were almost unanimous in describing their lack of success 

in areas of high currents, extreme wave action, large tidal ranges, 

and high winds. The tendency of the curtains to tangle, tear, and become 

encrusted with marine growth resulted in some cases in the total loss 

of the equipment. Other problems reported were damage by boat traffic 

and marine life, as well as difficulties in mooring, moving, and recovery 

after use. In general, contractors agreed that in areas of moderate 

current, containment of turbidity could be achieved. No agreement was 

obvious on the limits of current within which silt curtains could be 

effective. There was also a total lack of any quantitative data for 

assessing the effectiveness of turbidity reduction and no standardiza- \ 
tion on sampling and measuring the turbidity in and around the curtain. 

14. One engineering firm contacted was able to report extensively 

on the use of silt curtains in the construction of a runway from dredged 

coral reef material at an international airport, which involved hydraulic 

dredging from four borrow areas to build up the runway. Dikes were con- 

structed to contain the fill material. Dike construction required the 

open-water dumping of 19 million yd3 (14.5 million m') of material, and 

commercially available silt curtains were used on that operation. 

Although some limited success was reported in controlling turbidity 

where multiple curtains were used in areas of still water, several 

problems were reported in areas of relatively strong tidal currents, 

substantial breaking waves, and rough coral bottom. The problems 

reported were in the installation, maintenance, and effective utiliza- 

tion of the curtains. Curtains were expensive to buy and were often 



lost; swimmers were required to deploy them and put them back into 

position after moorings failed from current and wave action; they re- 

quired continual repositioning with changing tides, badly wearing them 

on the bottom; and they required heavy load lines and large anchors to 

hold them. 

15. By way of contrast, one contractor reported that his firm 

had used one curtain and successfully recovered it three times. It was 

ready for a fourth use. Still another engineering firm reported on 

the use of improvised curtains (pervious fabric suspended from logs) 

in a low-lying soft bottom bay with essentially no wave or current 

action. The application was much less demanding with commensurately 

fewer curtain problems. Runoff from the dragline excavation of earth 

cofferdams was introduced to the curtained inclosure after passing 

through a settling pond. The effluent from the settling pond was as 

clear as background, so the curtain had no noticeable effect. A case 

was reported, however, in which a curtain of the above description 

was successful in containing turbid water produced by the rupturing 

of a dike. 

16. It was readily apparent at the end of the survey that little 

was known quantitatively about the effectiveness of silt curtains and 

that little information existed to verify the assumed physics of the 

interaction of the curtain with the turbid water and with the other 

effects of dredging operations. The program described in the next 

chapter was conducted to fill this void. 

Present Curtain Characteristics 

17. This section describes the general design and construction 

of silt curtains that are available today. The description of curtain 

fabrication is grouped into six major headings: general construction, 

skirt fabric, buoyancy and ballast, tension member, connectors, and 

miscellaneous. The importance of each component is discussed and 

specifics for each are developed. 
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General Construction 

18. Figure 1 shows the major components of a typical silt curtain. 

The curtain consists essentially of a fabric skirt of sufficient strength 

to resist tearing or abrasion. This skirt is attached to buoyancy seg- 

ments that provide proper flotation. Ballast, either as chain or separate 

lead weights, is attached to the bottom of the skirt so the curtain will 

remain vertical in moderate currents. Flotation and ballast are installed 

in such a way as to distribute their loads along the curtain length and 

minimize failures. The buoyancy and weight elements are placed in pockets 

and either sewn or heat-sealed into the skirt. A separate tension cable 

is usually added to absorb longitudinal stresses in the curtain due to 

current drag, while permitting the curtain to flare in a current to 

relieve hydrodynamic pressure. End connectors of various designs are 

provided to join individual curtain sections without permitting leakage 

at the joints; they also provide anchor points for mooring cables. 

Fabric 

19. Most fabric used in silt curtains consists of a woven nylon 

base with a flexible PVC coating. The final material weight is usually 

18 or 22 oz/sq yd, but a range from 8 to 50 oz/sq yd is available. The 

fabric surface should have the following characteristics: anti-fouling 

properties, resistance to ultraviolet light and mildew, and easy cleaning. 

The anti-fouling property is important since silt curtains often remain 

in the water for long periods and a significant portion of dredging in 

the U.S. occurs in warm waters where marine growth is extensive. Be- 

cause curtains are used outdoors and usually stored outdoors, the fabric 

must not deteriorate due to the effects of ultraviolet (UV)* radiation. 

The resistance to mildew is important because curtains are frequently 

folded up and stored while wet. 

20. Three structural properties of the fabric that are important 

in silt curtain use are tensile strength, tear strength, and abrasion 

resistance. Tensile strength is important since the curtain will be 

*For convenience, symbols and unusual abbreviations are listed and 
defined in the Notation (Appendix B). 
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stressed due to current, wind, and tide action. A review of fabric 

manufacturers' literature shows that the maximum value attainable for 

tensile strength is 450 lb/in. (FED TEST METHOD STD 191, Method 5102). 

A value of 300 lb/in., which is required of oil booms, would give a 

six-ft silt curtain an overall (theoretical) tensile strength of 21,600 

lb, which is sufficient for all current conditions where silt curtains 

can be used effectively. Tear strength is important because the skirt 

will be subjected to intrusion by marine life or sharp objects while 

being deployed and utilized. The value of 100 lb (FED TEST METHOD STD 

191, Method 5134) specified in the oil boom specifications appears to be 

typical for 18-02 curtain fabric. Abrasion resistance is also important 

because silt curtains are often dragged over the ground or beach while 

being cleaned, stored, loaded, and deployed. The oil boom specification 

requires that after abrasion (FED TEST METHOD STD 191, Method 5304) the 

tensile strength will not be less than 200 lb/in. This allows for 

abrasion to weaken the fabric to 2/3,its original strength. 

Buoyancy and Ballast 

21. The buoyancy must maintain the specified skirt draft and pro- 

vide a continuous barrier above the waterline. Based on the review of 

manufacturers' literature, buoyancy ratios ranging from 1.03 to 14.7 

are available in commercial curtains (see Table 1). Some reserve 

buoyancy is provided to ensure a continuous barrier under the expected 

wind and wave conditions; a buoyancy value between five and ten times 

the total weight of the curtain is typical. The flotation material 

is usually enclosed in a pocket within the curtain. It is usually in 

the form of a solid closed-cell plastic foam "log" so that buoyancy 

will not be lost if the curtain-pocket is punctured or torn. Each 

flotation segment should have a maximum length of less than 

10 ft so the curtain may be easily folded for storage and transport. 

22. The ballast causes the skirt to hang vertically from the 

flotation. Ideally, the ballast weight is sufficient to ensure that 

the curtain will hang vertically under moderate current (e.g. 0.5 kt) 
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Table 1 

Silt Curtain Buoyancy 

Curtain Model 

A 
B 

C 
D 

E 
F 

G 

H 

I 

J 
K 

L 

Draft 
(ft) 

2 
10 

3 
20 

3 
10 

12 

7 

30 

2 
20 

2 

Flota- Flota- 
tion log tion log 
Diameter Buoyancy* 

(in> (lb/f t> 

Curtain 
Dead 

Weight 
in air 
(lb/ft) 

Buoyancy 
Ratio** 

6 12.4 2.16 5.7 
12 49.5 3.76 13.2 

6 12.4 1.3 9.5 
12 49.5 6 8.25 

8 22 1.5 14.7 
8 22 4.2 5.2 

12 49.5 7 7.1 

3 3.1 2.5 1.2 

6 12.4 10 1.2 

4 5.5 2 2.8 
20 137 9 15.2 

3 3.1 3 1.03 

"Calculated from: (Diam/24)2 ?'r l 63 = Buoyancy in lb/ft 

yc/'"Buoyancy rat .o fFlotation log buoyancy f Curtain dead weight 

24 

. 



but will flare to relieve tension under excessive current (e.g. 2 kt). 

Quantitative relationships between ballast, current, and flare are 

developed in Chapter III. Because the ballast material must be resis- 

tant to corrosion from seawater, galvanized chain or lead weights are 

usually chosen. In some curtain designs where the ballast chain also 

acts as a tension member, the chain should be examined for corrosion 

frequently. 

Tension Member 

23. The tension member, which must resist corrosion by seawater, 

is intended to absorb the stresses that occur when the curtain is sub- 

jected to significant currents or while being towed. The greatest 

forces occur when the curtain is anchored perpendicular to a current. 

The three criteria of interest in evaluating the tension member are: 

material, location on the curtain, and the mode of connecting the 

tension member/fabric between sections. 

24. Material. There are three types of tension member material. 

First, the fabric itself can absorb all the stress. There are three 

potential disadvantages to this method. In the first place, if the 

end connector is bolted to the curtain fabric there will be stress 

concentrations on those holes whenever the curtain is under tension. 

This could cause the connector to tear out of the curtain. Secondly, 

while the fabric might be strong enough for expected normal usage, 

during storms it will be subjected to very high stress and the curtain 

could tear apart. Thirdly, the fabric (nylon or polyester) can 

stretch up to 30 percent under high stresses. This amount of curtain 

elongation can allow the curtain to shift and possibly interfere with 

nearby equipment or operations. The only advantage of using the fabric 

as the only tension member is that the construction of the curtain is 

simpler and less expensive. 

25. A second method of tension support is to attach a galvanized 

or stainless steel wire rope to the curtain as a separate tension member. 
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When the tension member is a separate cable, it should be slightly 

shorter than the curtain, and the fabric and tension member should be 

connected in a manner so that the fabric is free to slide on the cable. 

The advantage of this method is that the tension member absorbs most of 

the tension load in all configurations and improves the life expectancy 

of the fabric. This advantage also holds for the third tension member 

material, the ballast chain. 

26. The load capacities of tension members of various types of 

material are shown in Table 2. These values may be compared with examples 

of theoretical tensions in specific curtain configurations subject to 

currents as shown in Table 3. It appears from the values in the first 

column that the fabric itself is a very strong tension member, but the 

fabric's lack of durability dictates use of a tension member. With a 

chain or wire rope the fabric absorbs little of the tension load and, 

under high current conditions, it flares to relieve some of the tension 

on the ballast chain or wire tension member. 

27. Location. Various manufacturers have chosen different locations 

for the metal tension member on their particular curtain models. These 

locations are: above the flotation, just under the flotation, one ft 

under the flotation, and the bottom of the skirt. For low current con- 

ditions (e.g., a small lake or pond) a separate tension member is not 

required as long as it can reasonably be expected that the curtain will 

never be subjected to substantial tension loads. For moderate currents, 

a separate tension member located above or slightly below the flotation 

is acceptable. This location will allow the curtain to flare and relieve 

the tension under high current conditions. For high current situations, 

the tension cable may be above or below the flotation or near the verti- 

cal center of the skirt. The curtain will flare to relieve tension with 

either configuration. However, the center tension configuration flares 

less and maintains greater effective skirt depth than the top tension 

configuration for a given current, but as a result also requires stronger 

tension members and more effective anchor systems to absorb the greater 

load. 
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Table 2 

Approximate Tension Member Strengths (Pounds) 

Size 

Skirt Depth, ft 

3 

6 

10 

15 

20 

Diam., in 

l/4 

5116 

318 

Fabric* 

Material Type 

Chain** Wire Rope*** 

10,800 

21,600 

36,000 

54,000 

72,000 

3,400 5,500 

5,300 8,500 

7,700 12,000 

*Assumes a tensile strength of 300 lbs/in. 
**Zero safety factor, proof-coil chain, ref. (5) 

***Zero safety factor, improved plow steel, ref. (6) 
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Table 3 

Tension Member Loads (in lb) for an Open 

Catenary Curtain* Configuration 

Current 
Velocity 

(knots) 

Curtain Effective Skirt Depth (ft) 

3 6 10 15 20 

0 0 0 0 0 0 

0.25 40 80 133 200 266 

0.5 160 319 532 798 1064 

1 639 1277 2129 3193 4258 

1.5 1437 2874 4790 7185 9580 

2 2555 5109 8515 12773 '17031 

*Assumptions: Curtain length = 1000 ft 
Mouth opening = 300 ft 
Calculated from equation (20) and Figure 11 

. 
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Connectors 

28. End connectors are designed to permit two curtain sections to 

be attached or disengaged easily and to provide a -positive water seal 

between sections to prevent leakage. The two major types of connectors 

are the no-load and load type connectors (Figure 2). With no-load 

connectors, the tension cables are fastened to each other and bypass 

the connectors. Figure 3 shows three examples of no-load connectors: 

rope bolt with a slotted tube, plastic zipper and Velcro @ material. 

The no-load connectors must provide for transfer of tension between 

curtain sections as well as sealing between fabric sections. However, 

based on field installations examined on this study, no-load connectors 

frequently do allow leakage through gaps between the curtain sections. 

In increasing currents the curtain begins to flare and considerable 

tension can be applied to no-load connectors due to the change in cur- 

tain shape. Shape changes under flare also place restrictions on the 

interconnection method chosen. 

29. With loadtype connectors, the tension members are fastened to 

the curtain and connectors, which are capable of supporting the expected 

loads and will transfer the tension between curtain sections. Figure 4 

shows three examples of load type connections; rope lacing through grom- 

mets, nuts and bolts through grommets, and aluminum extrusion. Among 

the load connectors, the rope lacing and nuts and bolts through grommets 

are unsatisfactory due to leakage. Based upon the above considerations, 

aluminum extrusion load connectors appear to be preferable for any cur- 

tain installation that may be subject to current loads. Other types of 

connectors may be acceptable when curtains are used in environments 

where there are no currents. 

Miscellaneous 

30. Two additional items to be considered are handholds and 

repair kits. The handholds should be on the top of the curtain between 

flotation segments. These handholds are used to handle the curtain 

during cleaning, loading, and while in the water. Repair kits, usually 

provided with each curtain, permit repair of minor tears or damage to 
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Tension Cable Tension Cable 

1 

\ 

\ 

\ 

Cur,tain 

Curtain “Load” Type Connector Pair 

Tension Cables 

r End Connector 

Cur,tain 

L “No-Load” Type Connector 

Figure 2. End connection modes 
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f Tension Cables 

Rope Bolt with Slotted 

Tube 

r 
Tension Cables 

Plastic Zipper 

f 

Tension Cables 

Velcro@ 

Figure 3. 
“No--Load” t 

YP@ COnnectorS 
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Rope Lacing 

(.not recommended) 

Extrusion Aluminum 

Figure 4. “Load” type connectors 
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the curtain. This is important because significant amounts of turbidity 

can escape through damaged curtains and certainly it is essential to 

ensure that dredging operations are not shut down due to unsatisfactory 

curtain performance. Instructions for repair are an essential component 

of a repair kit. Tears are generally repaired by gluing a patch over the 

tear. Kits should also contain a sail maker's kit, so that large tears 

can be sewn together before patching. 

Present Curtain Utilization 

31. Since the range of applications for silt curtains is very 

large, there probably is no one typical configuration. However, most 

installations form a closed configuration, an open configuration, or a 

maze (Figure 5). The closed configuration may be attached to shore, 

as shown, or it may be a circle or ellipse. Anchoring is normally done 

using several large (250 - 500-lb) anchors with mooring floats and small 

(25-lb) anchors at joints between curtain segments. The anchors are 

placed outside the curtain so that they may be recovered after the 

project is completed. The open configuration is used in rivers and 

situations where the curtain must be moved frequently for boat traffic. 

Few data are available on this configuration. The maze configuration 

is also used in areas with boat traffic but it appears to be relatively 

ineffective due to direct flow through the aperture between the curtains. 

32. New curtains are often transported to the dredging site 

stored accordion fashion in shipping containers or in a trailer. The 

skirt should be furled against the flotation segments to conserve 

space and to facilitate moving the curtain into position when in the 

water. At the site the curtain may be deployed directly into the 

water from the container by pulling one end away from the container 

using a small tow boat or work boat. Once in the water, the curtain 

is moved to the deployment position by towing it with a work boat. 

Curtains tow easily at 2 to 3 knots and track well behind the tow boat 

33 



\ CLOSED i I 
/ 4 / 

xx x ----A 
‘\ 

\ 
OPEN \ 

I 
/ 

1' 
Go-/' 

a 
IMAZE i 

I 
I 
I 

Figure 5. Typical silt curtain configurations 
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through normal maneuvering. Curtains over 2000 ft long have been towed 

this way. 

33. An alternative method for transporting curtains used by the 

U.S. Navy to transport oil booms is to stack the curtain on a flat top 

multihulled boat, transport it to the site, and then pull it into the 

water using another boat. The curtain may also be lifted by means of 

a crane, with a chain or cable sling and deployed into the water. With 

any method of deployment, care should be taken to prevent tearing by 

ensuring that the curtain does not drag across rocks, across the ground, 

or over other equipment. Upon arrival at the site, the curtain is 

attached to shore points and mooring floats, depending upon the desired 

configuration. After it is attached to the primary support points, 

lightweight anchors are planted and tied off to the tension member at 

points where segments of curtains are joined. The skirts are then 

unfurled before dredging commences. 

34. During the dredging phase, considerable attention must be 

paid to the curtain to prevent its failure. The most common failure 

results when dredged material from the discharge flow builds up until 

it reaches the skirt bottom. If the curtain is not moved to deeper 

water when this happens, dredged material accumulates on the skirt 

causing the curtain to be drawn under and buried. This buildup may 

also occur during tidal changes, because as the curtain shifts position 

due to changing tidal conditions, it may drag across the bottom trapping 

silt along the way. Another common problem encountered is failure of 

the float material or inadequate flotation at the joined sections, 

causing the skirt top to sink allowing leakage over the curtain top. 

Still another failure mode that is commonly observed is parting of the 

seam between joined segments resulting in a gap and subsequent leakage. 

35. Catastrophic failure has been observed in a number of in- 

stances associated with local storms such as gales and thunderstorm 

activity. In these cases the anchors have pulled out, anchor lines 

have parted, and weak curtains ripped or the tension members failed. 
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However, newer curtains are less susceptible to direct curtain failure 

due to improvements in the type and location of the main strength mem- 

ber and due to curtain designs that flare, thus reducing stresses in 

high currents. Curtain damage in the newer curtains is usually caused 

by secondary effects such as anchor lines parting and allowing the cur- 

tain to ride up against abrasive elements such as pipeline floats, 

docks, etc. 

36. Thus silt curtains have evolved into a product that has over- 

come many of the early deficiencies. The fabric has been strengthened 

to reduce the tendency for it to tear or abrade. Chains and flotation 

have been sewn in to distribute their load and reduce failures. Tension 

cables have been added to relieve strain on the curtain and to allow 

flaring to relieve pressure. Flotation has been placed into a pocket 

and either sewn or heat-sealed to the skirt. A number of methods for 

joining curtain sections have been developed; anchors have replaced 

poles and sticks for holding the curtain in place. However, virtually 

all changes in the curtain's evolution have dealt with improving its 

physical integrity'rather than evaluating the effectiveness of the 

curtains and optimizing their ability to reduce turbidity in the water 

column. 
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CHAPTER III: DETERMINATION OF SILT CURTAIN EFFECTIVENESS 

Descriptive Model 

37. Several hypotheses exist as to how silt curtains operate, but 

observation of curtain behavior indicates that, in the presence of a 

current, the curtain does not actually contain turbidity, but rather, 

changes the flow patterns and water current velocity in the vicinity of 

the curtain so that the flow entering the curtained area from the pipe- 

line or other source is redirected. It is clear that the curtain neither 

holds back the tide nor permanently contains the flow from a pipeline dis- 

charge but instead restricts the flow of turbid water near the surface. 

38. A number of mechanisms are simultaneously at work within the 

curtain as shown in Figure 6. The discharge (pipeline) often consists 

of material that readily settles out (sand), material that will settle 

out in a short time (silt), and material that takes a long time to 

settle out (clay). Sand and coarse silt fractions quickly settle out 

and are of little interest to this study, except as they affect the 

curtain. Most of the finer material moves out of the discharge area 

in a mud flow on the bottom; however, some fine silt and clay remain 

suspended in the water column (turbidity) and are carried by the water 

velocity field. While some of this material settles out inside the 

curtain due to flocculation, the remaining fine material is carried 

under the curtain by the current flow. 

39. Based upon the descriptive model of Figure 6, a number of 

analytical investigations and field measurements were made to examine 

the relative importance of these mechanisms and to determine the 

effectiveness of the curtain. Unfortunately, establishing the effec- 

tiveness of curtains under a wide range of material types and environ- 

mental conditions is a difficult task. Additionally, there is no 

general agreement as to what constitutes turbidity or how to measure 

it. Some turbidimeters measure turbidity in terms of light scattering; 
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Figure 6. Mechanisms involved in turbidity control 
by a silt curtain 
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others measure percent transmission. Turbidity can also be evaluated 

by measuring the concentration of suspended solids. 

Analytical Investigations 

40. Several factors that influence the sedimentation process and 

the physical behavior of silt curtains can be easily evaluated analyti- 

cally to determine their relative importance in controlling the disper- 

sion of turbid water in the vicinity of silt curtains. The following 

analytical section evaluates particle settling rates inside a curtained 

area, develops a mass balance model, and analyzes curtain behavior rela- 

tive to current velocity, wave condition, and construction of the curtain. 

Based on these results a methodology is developed for deploying and 

maximizing the effectiveness of a silt curtain surrounding an open-water 

pipeline disposal operation. 

Particle Settling Rate 

41. Early investigators felt that silt curtains reduced turbidity 

by allowing particles inside the curtain to settle out of the water 

column. According to this hypothesis, the settling action of particles 

is governed by weight and drag forces acting on the particle as well 

ah the electrostatic forces associated with flocculation. Flocculation 

tends to form larger particles that settle at higher velocity. The 

settling velocity of individual particles is the terminal velocity 

fluid drag. The developed 

spherical particles is 

under the forces of gravity, buoyancy, and 

relation for the settling velocity, Vs, of 

dp 
'd 

(1) 

VS = settling velocity, ft/hr 

dp = particle diameter, in 

cd = drag coefficient of particle 

Pp = density of particle 

Pw = density of water 
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Because of small 

numbers are well 

particle sizes and very low velocity levels, Reynolds 

below 1.0 and deep in the viscous region where 

Cd = g for a sphere. (2) 

Making this substitution results in: 

(3) 

Where vw = kinematic viscosity of water 

The above equation (Stokes' Law) shows that the terminal velocity 

depends primarily on dp2 so that flocculation or the aggregation of 

particles will be a significant factor in determining the settling 

rate of silt and clay size particles. Assuming the reference particle 

diameter is to be of the order of 0.0001 in. and solving for the con- 

stant obtains 

Vs = lo6 d 
2 

P 
(4) 

42. Typical sedimentation rates for particles on the order of 

0.001 in. are one ft/hr. Thus a curtain with a skirt depth of five ft 

would have to retain a water mass for approximately five hr to allow 

settling of particles of this size. Clearly, this is only achieved 

under very low water current conditions and low rates of turbid water 

input into the contained area. Thus if silt curtains effectively reduce 

turbidity, other mechanisms must be operating in conjunction with simple 

settling. 

Material Balance in the Silt Curtain Enclosure. 

43. It is of interest to determine what fraction of the discharged 

solid material becomes suspended in the water column and what fraction 

enters the mud flow on the bottom. Measuring these fractions precisely 

in the field would be extremely difficult, but it is possible to esti- 

mate them from the solids concentrations measured in the water column 
40 



and in the mud layer using an estimate of the flow through the curtained 

region. This approach determines the rate of flow of mud and of suspended 

solids required to keep the suspended solids concentration and the mud 

concentration within the range of values measured in the field. 

44. For the purpose of this analysis consider the area within the 

curtain as a closed volume with two sources of inflow and two sources of 

outflow (see Figure 7). The first inflow is the dredge discharge, which 

discharges into the control volume at a rate of Q gpm total flow and, 

within this flow, q lb/min solids flow. The second source of inflow is 

the ambient current flow that actually enters the control volume under 

the curtain. This introduces W gpm of water into the region.* It is 

assumed that the flow out of the control volume occurs as a mud flow, 

discharging R gpm total flow with r lb/min of solids and a flow of turbid 

water, discharging T gpm total flow with t lb/min of solids. Both of 

these flows move under the curtain. Some material from the mud flow may 

actually be deposited on the bottom within the curtain but for the pur- 

pose of the analysis this material can still be considered as leaving 

the control volume as a mud flow. 

45. It is also assumed, for this analysis, that the water column 

solids concentration and the mud flow solids concentration have reached 

an equilibrium with respect to the inflows and outflows of the control 

volume. These assumptions are obviously gross simplifications, but, they 

do serve to provide a basis for very approximate estimates of the ulti- 

mate fate of the discharged material. 

46. First it is noted that solids concentration in the mud flow 

(m) and water column (c) can be expressed as follows: 

and 

m = r/R (5) 

C = t/T (6) 

*Note that in this analysis the background concentration is not considered 
because this can be treated as a datum and subtracted from concentrations 
measured inside the control volume. 
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where 

m = mud flow concentration, lb/gal 

r = rate of solids outflow in the mud flow, lb/min 

R = total rate of outflow in the mud flow, gpm 

c = water column concentration, lb/gal 

t = rate of solids outflow in the turbid water flow, lb/min 

T = total rate of outflow in the turbid water flow, gpm 

47. Next it is noted that from the balance of inflow and outflow 

for both total flow gpm and solids flow lb/min we have: 

Q+W = R+ T 

and 9 = r ft 

(7) 

(8) 

where 

Q = the total inflow from the dredge discharge, gpm 

W = the inflow due to current, gpm 

q = the inflow of solids from the dredge discharge, lb/min 

48. Now equations 5 through 8 form a set of four simultaneous 

equations with four unknowns. The four unknowns are the rates of total 

flow and solids flow for the turbid water (T and t) and for the mud 

flow (R and r). The equations can be solved to give: 

t = ( Q + W - z) / (+ - ;) 

r = 
1 

Q + W -z) / (i - $) 

R = r/m 

T = t/c 

(9) 

49. It should be emphasized that these equations do not give pre- 

cise estimates of material flow but do provide an approximate indication 
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of the relative amounts of material entering suspension and entering the 

mud flow. The mathematics is actually determining the levels of outflow 

for both mud flow and turbid water that are required to keep the observed 

concentrations in equilibrium while still balancing the inflow rates to 

the outflow. 

50. The following is an example of this analysis. The flow rates 

and concentrations are consistent with data taken in the Winyah Bay field 

study described later in this chapter. For this example the following 

has been taken as input data (see Figure 8): 

a) dredge discharge - 10,000 gpm flow 

12,600 lb/min solids 

giving about 15 percent solids by weight 

b) current flowing in - 400,000 gpm flow. This is based on 

typical observed parameters: 

l/2-knot current entering through 

a 1-ft gap along 500 ft of curtain length 

Cl water column concentration - 150 mg/R less 20 mg/R 

background = 130 mg/R = 1.086 x 10B3 lb/gal 

d) mud flow concentration - 25 percent by weight = 2.1 lb/gal 

Applying these values to equation 9 gives the following: 

r = 7,563 lb/min solids leaving in mud flow 

t = 437 lb/min solids leaving in water flow 

R = 7,880 gpm total flow leaving in mud flow 

T Z 402,120 gpm total flow leaving in water flow 
(most of this is current flowing through) 
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Thus the analysis indicates that for rather typical dredging conditions 

and silt curtain configuration, about 5 percent of the discharged solids 

remains suspended in the water column whfle the remaining 95 percent 

forms a fluid mud layer. The silt curtain has no influence over the 

accumulation or movement of the fluid mud and, therefore, only controls 

a very small percentage (five percent) of the dredged material slurry 

that remains in the water column above the fluid mud layer. 

Curtain Behavior 

51. The behavior of a silt curtain in still water presents no 

problem; however, in order to fully understand curtain effectiveness, 

it is necessary to analyze the curtain behavior in a current field or 

in waves. The questions of major interest are: 

a. What is the tension on the curtain or tension member - 
when the curtain is deployed in a current? 

b* What is the amount of flare in the curtain when it is 
subjected to current forces? 

C. How do waves affect curtain behavior? - 

52. To address these questions, it is first necessary to know what 

shape (e.g., catenary or parabola) the whole curtain takes when deployed 

in a water current field. The curtain shape is dependent on the current 

forces on the curtain. The magnitude of the current force on the curtain 

is in turn dependent on the curtain dimensions and method of deployment, 

the current velocity profile (with depth), and, to some extent, the size 

of the gap underneath the curtain. Because of the complexity of the 

flow phenomena these forces cannot be calculated with any degree of 

accuracy; however, with some simplifying assumptions it is possible to 

make estimates of the force magnitude and, hence, the curtain configura- 

tion, curtain tension, and curtain flare. 

53. The analytical work for these estimates is described in the 

sections that follow. The fieldwork carried out in other phases of 

this study was essential for comparisons and verification of this analy- 

sis and the comparison of analytical and field results is discussed in 
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a later section of this chapter. The major underlying assumptions for 

the analytical work are: 

(1) 

(2) 

(3) 

(4) 

The current field into which the curtain is inserted 
is uniform. That is, current velocity is constant 
with depth and with horizontal position. 

The curtain maintains a uniform effective depth and 
cross-sectional shape along its length. (This is not 
necessarily so because the curtain flares when current 
pressure is high, thus changing both its cross-sectional 
shape and effective depth. Since current pressure is 
not constant along the length of a deployed curtain, 
even in a uniform current field, the cross-sectional 
shape and the depth of a deployed curtain will also 
vary.) 

The gap beneath the curtain is relatively uniform with 
length along the curtain. Violations of this assump- 
tion may be significant when considering curtains 
deployed in water depths not much greater than the 
curtain depth. 

The curtain is entirely flexible and cannot resist any 
bending or torsion moments. It can only accommodate 
tension forces. This is a reasonable assumption for 
the force magnitudes being considered here. 

54. Shape and Tension of a Curtain Anchored in a Current. The 

most basic curtain configuration is one in which the curtain is deployed 

across a current field with an anchor point at each end of the curtain 

(Figure 9). Any more complicated arrangement can be considered as a 

combination of this basic configuration since the section between any 

two anchors behaves in the same way as the basic configuration shown 

in Figure 9. The problem of a barrier (or curtain) in a steady current 

has been examined by Hoult7, Robbins8, and Milgram 
9 

. This is the case 

where a barrier of length L is anchored (at its end points) in a current 

of speed V . 
C 

The coordinate system is chosen so that the x-y origin 

is located at the minimum y coordinate of the curtain when the Y axis 

is positive in the direction from which the current flows (Figure 9). 

The current flow may be expressed as a tangential and a normal compo- 

nent (Vcn and Vet) at any point along the curtain by the following: 
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v = 
cn 

vc cos 0 (10) 

v = 
ct 

Vc sin 0 (11) 

where the angle 8 is the local angle between a tangent to the curtain 

and the x axis. The tangential flow, Vet is assumed to have negligible 

effect and the normal flow can be expressed in terms of the local slope 

of the curtain i!Y 
I I dx : 

Vcn = vc [l + 1%) J -+ (12) 

CURRENT- SPEED, Vc 

Figure 9. Curtain moored in a current field 
showing coordinate system used in analysis 

55. The force on an elemental length of the curtain is equivalent 

to the force on a uniform longitudinal barrier at an angle to the current. 

This is given by: 

pC 
= l/2 P, v 2 

cn 'dh (13) 
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where Pc = the net current force per unit length of curtain, lb/ft 

P, = water density, slugs 

h = actual curtain depth, ft 

Cd = a drag coefficient 

Because the effect of the tangential flow is negligible, PC is the only 

hydrodynamic force acting on the curtain. This force is normal to the 

curtain and, therefore, the curtain tension must be constant throughout 

the curtain length. The pressure force is opposed by components of the 

tension force in an elemental length of curtain. This is illustrated in 

Figure 10 which shows an elemental length of the curtain with tension 

force components opposing the normal force PC . 

T’ 

Figure 10. Forces on an element of the curtain 
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This opposing force, F, is equal 

radius of curvature: 

F=T 

to the tension, T, divided by the local 

A.Y2 ) 1 
-312 

dx 

Where F is the force per unit length. Therefore, in equilibrium, 

F = P and 
C 

= T$ [1 + (g] '1 -3'2 

but, since vcn = Vc [l +(+.$I -1/2, this is equivalent to the 

following differential equation: 

T $ = IL,2 [l + (2) '1 1'2 owVc2h Cd 

(14) 

(15) 

The solution to this equation, subject to the conditions y(O) = 0 and 

$J (0) = 0, is: 

Y(X) = T 0 I cr 
cash a -1 

T (16) 

where Q = 112 pwVc2h Cd 

and this is the equation of a catenary. This equation is correct for 

any case of a curtain moored between two points. However, for simplicity 

of solution consider a symmetrical case where the mooring points each 

have the same y coordinate (up current coordinate). Using actual curtain 

length (L), and mouth opening (M) along with the above equation to express 

tension in terms of curtain configurations, gives: 
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T sinh = l/2 (17) 

where R = M/L, the curtain gap ratio (18) 

and 
2 'I = T/(L l/2 PwVc h Cd), the dimensionless curtain tension (19) 

parameter. 

This is sufficient to determine curtain tension given curtain length and 

gap ratio. The actual configuration will always be a catenary. The 

parameter least understood in this relationship is the drag coefficient, 

'd' This coefficient has a value of nearly 2 for a high aspect ratio 

flat plate that does not pierce the surface and a value near 1 for low 

aspect ratio plates. (Aspect ratio is the ratio of side dimensions, 

and is always betwen 0 and 1; a square has the highest aspect ratio of 

any flat quandrangle.) For a surface piercing plate, Robbins8, has 

observed drag coefficients to take values around 1.5 in the Froude 

number range typical for a silt curtain in a moderate current. These 

values apply to flat plates, however, and in the case of a curtain 

flaring due to current pressure, they may vary considerably. There are 

no data available to estimate precise drag coefficients for this appli- 

cation but values of 1.2 to 1.5 appear to be sufficiently accurate to 

suit the simplifying assumptions made earlier. 

56. For convenience in determining the tension in a curtain, the 

relationship between the tension parameter, T , and gap ratio, R, is 

shown graphically in Figure 11. This figure can be used to derive T 

given the ratio of mouth opening to curtain length (M/L = R) for a 

curtain configuration. Tension in the curtain, T, can then be deter- 

mined from 'I by: 

' T = TL l/2 PwVc2h Cd 

where L = curtain length, ft : I : 
P w= water density, slugs, = 1.99 for sea water 

(20) 

V 
c = current speed, ft/sec 

h = curtain depth, ft 
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'd 
= drag coefficient (1.2 to 1.5) 

T = tension (lb) 

The curtain shape isknown when r and L are known. Using the coordi- 

nates shown in Figure 9, curtain shape is given by: 

Y(X) = L r(cosh$-1) (21) 

This equation is important because it expresses the precise catenary 

shape that a curtain will assume when subject to current forces and 

therefore it will be important in subsequent analyses. Note that the 

curtain shape depends only on the gap ratio (which determines the 

value of r) and the curtain length. 

57. Effective Depth of a Silt Curtain in a Current. The objec- 

tive in this phase of the analytical study is to examine curtain 

effectiveness as a function of current and curtain design parameters. 

For this purpose the vertical extent of the skirt (vertical distance 

from the bottom of the flared skirt to the water surface) is defined as 

the curtain's effective depth. It is of interest to achieve maximum 

effective depth for a curtain in a current. Hydrodynamic current forces 

cause the skirt to flare at an angle to the flow thus reducing the 

skirt's effective depth. In order to determine effective depth the 

following assumptions are made: 

(1) The curtain consists of (Figure 12) 

. a flexible skirt 

. a flotation element at the top whose buoyancy is B 
lb/ft of length C 

. A ballast element at the bottom that contains Wc lb/ft 
of length 

. a tension element (cable) that may be located anywhere 
between the top and bottom of the curtain 

(2) Pressure forces due to current are assumed to be uniform 
over the curtain depth. (This may not be the case; however, 
there is no basis for more refined approximation.) 
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Figure 12. Curtain flare in a current 
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(3) Curtain loads are absorbed entirely by the tension cable and 
no tension is taken up by the curtain fabric or the ballast 
chain. (This assumption is discussed further, later in this 
section.) 

58. As stated in this last assumption, all curtain tension is 

assumed to be absorbed entirely by the tension cable; no tension is 

taken up by the curtain fabric or ballast chain. Clearly, at high 

angles of flare the extreme top and bottom of the curtain will form 

an arc of larger radius than the tension cables. Therefore, the fabric 

will be stretched and thus absorb part of the tension load. In prac- 

tice, however, the amount of tension the fabric will absorb will depend 

on the initial tension of the fabric with respect to the tension cable. 

For example, if the curtain is longer than the cable the flare may 

take up the extra length of curtain before the fabric absorbs any ten- 

sion. Secondly, the fabric is capable of stretching considerably 

while absorbing a significant amount of tension. In fact in any 

practical configuration, the radius of curvature at any point will 

be sufficiently large so that the degree of curtain stretching, even 

under extreme flare, will be a relatively small percentage of the total 

curtain length. 

59. In a similar view, the amount of tension ahsorbed by the 

ballast chain will depend on the initial tension in the chain. Since 

the prime purpose of the chain in a silt curtain is to provide weight, 

it is assumed that it does not support tension loads even under curtain 

flare. This means that the curtain can absorb significant flare with- 

out stretching the curtain fabric or tightening the ballast chain to the 

point that either one relieves any significant part of the tension 

from the cable. Thus the following analysis probably provides a good 

first order estimate of curtain performance (flare) in a current and 

an estimate of effective curtain depth. 

x 
60. Given these assumptions, the cross-sectional shape of the 

curtain can be determined given the current pressure force. The 

pressure force will cause the curtain to flare in the direction of the 
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current force; the flare is caused by the moments of the pressure forces 

about the tension cable. These moments are opposed by the righting 

moments of the ballast weight and the buoyancy of the flotation element. 

The buoyancy moment will increase with increasing angle of flare. Thus 

the form that the curtain cross section assumes will be such that the 

flaring moments are in equilibrium with the moments due to the weight 

and buoyancy. This is illustrated in Figure 12. 

61. Referring to the figure and considering the lower half of the 

curtain, the lower flaring force P 1 is expressed as: 

p1 = phl sin @I 

where P = current pressure, lb/in2 

hl= lower curtain half-depth, in 

The lower flaring moment is: 

Ml = l/2 ph12 sin 

(22) 

(23) 

At equilibrium the lower flaring moment is equivalent to the righting 

moment: 

ph12 
2 sin 2a1 = Wchl cos 01 

or 
2wC 

cos2 Q1 + - 

phl 
cos Q 1 

-l=O 

The relation for upper flare angle is of similar form: 

(24) 

(25) 
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The angles of flare, +2 and $1, for both top 

the curtain section can'now be determined in 

weight and buoyancy elements and the current 

mated by: 

P = l/2 pwvc 2Cd 

and bottom portions of 

terms of curtain dimensions, 

pressure p which is esti- 

(26) 

where v = 
C 

current velocity in the horizontal plane, in/set 

'd 
= drag coefficient, a value between 1.2 and 1.5 is 

suggested. 

The effective depth, he, can be determined from the flare angles: 

h = 
e 

hl sin $1 + h2 sin $2 
(27) 

62. It should be realized that, to some extent, the decrease in 

effective depth due to curtain flaring in a current is a positive effect. 

In a high current this effect helps relieve tension on the curtain and 

therefore acts as a safety device to relieve stresses due to high cur- 

rent before failure of the curtain, tension cable, or mooring can occur. 

For this reason it might not be practicable to increase curtain perfor- 

mance by providing vertical stiffness (e.g. by inserting vertical 

stiffener bars at intervals along the curtain length, such as battens). 

However, this technique was examined but the stiffener size that would 

be required to resist buckling under high current is excessive. 

63. In addition to current velocity, the following factors affect 

curtain effective depth: (a) position of tension cable, (b) weight of 

chain ballast, and (c) number of tension cables. Each of these will be 

discussed in the paragraphs that follow. 

64. Position of Tension Cables. The location of the tension 

cable in a silt curtain may be near the top, near the bottom, or any 

point in between. For the present analysis 3 positions - top, center, 

and bottom are assumed. Using the analysis outlined above, effective 

curtain depth as a function of current for each cable position has 
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been investigated. The type of curtain used for this calculation is 

similar to that shown in Figure 13. 

65. This curtain was assumed to be anchored in a free current so 

that it formed a catenary shape. In this case the current force on the 

curtain is a maximum at the apex (where its direction is perpendicular 

to the curtain direction) and decreases towards the mooring points. 

Figures 14 and 15 show curtain effective depth at the apex as a function 

of current for curtains of 5-ft and lo-ft depth, respectively, with top, 

center, and bottom tension cable positions. These figures indicate that 

for both lo-ft and 5-ft curtains, effective depth is improved slightly 

with the center tension configuration as compared to top or bottom 

tension cable. For example, a lo-ft curtain in a l-knot current has a 

minimum effective depth of about 4-l/2 ft for top and bottom tension 

cases and about 5-l/2 ft for the center tension case. 

66. Weight of Chain Ballast. Another means of increasing effec- 

tive curtain depth is to increase the ballast weight in the curtain 

bottom. The effect of ballast chain weight has been investigated by 

the analysis described above, and the results are shown in Figures 16 

and 17 for 5-ft and lo-ft center tension curtains, respectively. The 

type of curtain assumed for this investigation is similar to that 

shown in Figure 13. The water current direction for the analysis is 

perpendicular to the curtain. 

67. It can be seen from these figures that in high currents 

(above one knot) predicted effective curtain depth cannot be increased 

significantly without resorting to very high ballast weights. High 

ballast weights require, in turn, bulky flotation members to counteract 

their weight, thus making the curtain both cumbersome and heavy. 

68. Number of Tension Cables. The use of dual tension cables in 

the curtain is another possibility that was considered for increasing 

effective depth. In this case the tension cables were assumed to be 

at the top and bottom of the curtain so that curtain cross section 

would be similar to that shown in Figure 18, The following assumptions 

were made for the analysis of this configuration: 
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Figure 14. Effective depth in current - 5-ft curtain 
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0 1 2 3 
Current (knots) 

Figure 15. Effective depth in current - lo-ft curtain 
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Figure 18. Dual tension cable 
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a. - The current pressure was assumed to be uniform over 
the curtain depth. 

b. - The tension cables are assumed to be approximately 
balanced so that each carries one-half of the current 
pressure load without significantly affecting the 
attitude of the curtain. 

C. - The curtain cross section is assumed to take a para- 
bolic form under the uniform current load. The actual 
form may be closer to a catenary, but, except in very 
high current forces, the parabolic assumption is appro- 
ximately equivalent. 

Under these assumptions the forces on the curtain cross section are as 

shown in Figure 18. Each cable carries a tension that acts to counter 

'current force and the net current force per unit length of curtain, PC 

is equal to: 

P 
C 

= phe = l/2 p v 
w c2 'd he (28) 

where p = current pressure 

he = effective depth 

% 
= current speed 

In equilibrium, therefore, the current force, P 
C’ 

is balanced by the 

cable tensions so that the tension in each cable is: 

T = l/2 Pc = l/2 phe 

The force, WC is equal to the weight force at the bottom and the 

equilibrium buoyancy force at the top of the curtain. Assuming para- 

bolic form and using axes shown in Figure 18, the generalized equation 

for curtain cross section is: 

y = ax2 (29) 
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The first derivative of this is: 

dyldx = 2ax 

At the curtain top and bottom, since the fabric is flexible and must 

assume the direction of the restraining force: 

ph %=2axz$- = $ 
C C 

where x is equal to l/2 he so: 

a = 2:, (30) 

Also the actual curtain depth here is equal to the arc length of the 

parabolic form: 

D-/ii = 2 ‘Te [1 + 2 2]1’2 dx 
0 

The solution to this is: 

Rh2h2p2 

I 

l/2 2w 
1 = 1/2Rh +1 c 

+ Rh hp 

where 
he 

Rh= h 

In 

RhhP 

2wc + I 
Rh2h2p2 

4w2 
+1 

C 

(32) 

and this allows determination of the curtain cross-sectional form ( 
%' 

in terms of WC/(h)(p). This relationship can be used to derive effec- 

tive curtain depth in terms of curtain weight (or buoyancy) per unit 

length (WC), curtain actual depth (h) and current pressure (p = l/2 

PwV2 cnCd)' The relationship has been used to estimate effective depth 

as a function of current speed and curtain ballast weight for a lo-ft 

curtain. These estimates are shown in Figure 19. By comparison of 

this figure to Figure 17,it will be seen that utilization of dual 
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tension cables offers no advantage in curtain effectiveness over the 

case of a single center tension cable. 

Behavior of Silt Curtains in Waves 

69. The behavior of the silt curtain in waves is important to its 

performance because significant waves are common at many disposal sites, 

and under certain conditions they might submerge the curtain thus jeop- 

ardizing its effectiveness. The purpose of this section is to outline the 

potential modes of failure and to evaluate the integrity of a typical curtain 

configuration under reasonable wave conditions. 

70. Heave Response. The behavior of a silt curtain in waves is 

dependent on the forcing action of the wave system and the ability of the 

buoyant curtain to follow the contour of the free surface. Because of its 

buoyancy the curtain responds to the vertical changes in the free surface 

in the form of an up and down heaving motion. If the curtain responds 

adequately, it will follow the wave surface without being inundated. 

If not, the heaving motion will be out of phase with the wave system 

and the curtain may submerge during part of the heaving cycle allowing 

the turbid water inside the curtain enclosure to escape at the surface 

levels. The heaving motion of the bottom edge of the curtain will also 

cause more turbid water to be released under the curtain than in the 

calm case, primarily by creating turbulence that may resuspend materials 

from the bottom or the mud flow. 

71. Simultaneously with the heaving motion, the orbital motion 

of fluid particles within the wave system causes the curtain to surge 

back and forth horizontally in the direction of propagation of the wave. 

The amplitude of the surge motion is maximum at the surface and dimi- 

nishes rapidly with depth so that the curtain section appears to 

oscillate about its bottom edge as it moves through a surge cycle. 

72. Both heaving and surge motions may cause scouring and re- 

suspension of sediments at or near the bottom. They also increase 

stresses on mooring systems. Heave usually creates problems in the 

bottom region of the curtain while surge affects the top part of the 

curtain. 
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73. In the presence of broadside waves the silt curtain section 

is very narrow compared to the length of the waves and it responds as 

a stable float that possesses damping properties, virtual mass, and 

heave stiffness. The heaving motion of the curtain can be analyzed 

by relating the vertical forces and acceleration terms as outlined by 

Cornstock". The force term includes a hydrostatic force that depends 

only on the draft of the float and a hydrodynamic force that depends 

on the relative motion between the float and the water. The analysis 

is valid for the following conditions: 

a. - The flotation element of the curtain represents the 
float in a train of progressive sinusoidal waves. 

b. - The wave length is large compared to the width of the 
float. 

C. - Only vertical motion is considered. 

d. - The wave peaks and troughs lie parallel to the length 
dimension of the silt curtain so that it moves as a 
single body along its length. 

e. - The float experiences damping forces. 

The calm water surface and the vertical symmetry plane of the curtain 

are the axes to which all motion is referenced. Figure 20 shows the 

coordinate system. 

Wave 
Direction* 

Figure 20. Axes for curtain motion in waves 
69 



The motion of the waves with respect to the calm water surface is 

c = r cos w t (33) 

where r = vertical distance between the wave surface at the float 
and the calm-water surface 

r = amplitude of wave motion 

w = circular frequency of the wave 

t = time 

The motion of the curtain float with respect to the calm water surface 

is given by: 

? = z. cos (w t + E) (34) 

where ? = vertical distance between the float origin and the calm 
water surface 

?O 
= amplitude of the float motion 

E = phase angle by which the float motion lags the wave 
motion 

From equations (33) and (34) it can be seen that the wave motion and the 

curtain motion occur at the same frequency, w, and are out of phase by 

the angle E. The solution to the heave response of the silt curtain 

is obtained by substituting the expressions for wave motions (equation 

33) and float motion (equation 34) into the equation of motion for the 

curtain float which states that the sum of vertical forces acting on 

the float equals the product of its mass and vertical acceleration. 

The result is a differential equation from whfch the vertical amplitude 

of the float motion and the phase angle relationship between float and 

wave motions can be derived in terms of the properties of the float and 

the forcing wave system. The amplification of the float motion is 

given by the ratio of the float and wave amplitudes, f, in equation (35) 

and the expression for the phase angle, E, is given in equation (42). 

In each of these parameters the.h represents the frequency of the 

forcing wave system as it relates to the natural frequency, on, of 
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the silt curtain, K is the damping term, and c1 incorporates the actual 

and virtual masses of the silt curtain. 

112 

?O 

I 

(1 - ;2)2 + K2 A2 
-= 
r 

(1 - *2)2 + K2 n2 1 
where AL!+ 

n 

w= c n- [ 1 l/2 
m+a , natural frequency of the silt curtain 

a = (m+a>/a 

m = mass of the silt curtain 

a = virtual mass of the silt curtain, given by 
71 2 

a = pwc s 
pw = mass density of the water 
d - 

s = half width of the flotation element 

c = heaving stiffness, given by c = pwgAw 

Aw = waterplane area of flotation element 

g = gravitational constant 

K = damping parameter, given by K = w b 
nc 

b = coefficient of water damping force on curtain 

E = phase angle between wave and float motion, given by 

E = tan -1 Kfl 
tan -1 Kfl 

(1 -A 2, - 
2 

(l-4 ) 

74. The preceding solution will now be applied to an existing 

silt curtain configuration in order to evaluate its heave response in 

waves. For this purpose, the American Marine "Double Center Tension" 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

curtain shown in Figure 13 will be used. The pertinent dimensions and 
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features are given below and in Figure 21, The flotation element is 

pictured with a square cross section so that the water plane area, A,, 

and the heave stiffness, c, are constant with draft. 

75. The numerical values for pertinent boom parameters are listed 

below: 

m = 0.101 slugs/ft 

a = 1.57 slugs/ft 

c = 201 lb/ft 
w n = 11.0 rad/sec 

f = 1.75 z n 

Tn = .572 set 

Ct= 1.06 

A= 1 ft2 

b = 1 lb/ft/sec based on estimated vertical 
drag at 1 fps 

K = 0.0546 

76. The amplification factor, Zo/r, is plotted in Figure 22 

against T, the period of the wave system. Wave period is used as a 

convenience in relating real wave conditions to the behavior of the 

curtain. It is noteworthy that the silt curtain mass is small compared 

to the virtual mass, when combined with the heaving stiffness, results 

in a comparatively high natural frequency of 1.75 Z (0.57 set period), 

thus implying fast response to the wave system. The damping effect 

of drag-forces on the curtain is seen to limit the maximum amplification 

factor to 1.5. 

77. The phase angle, E, shown in Figure 23, remains at or close 

to zero as the wave period, T, gets shorter, until the wave period 

reaches and passes through the natural period of the curtain, T 
n' 

At 

this point, the phase angle shifts abruptly from zero to almost 180 

degrees so that the curtain is in its trough as the wave crest passes. 

This is the state where the curtain can submerge if the relative ampli- 

tude of the motion is sufficiently large. 
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Draft 

60 in. 

Chain Ballast 

--AL- 2 in. OD Appzox. 

Total Dry Weight = 325 lb/lOO-ftsection 

Figure 21. American Marine "double center tension" turbidity curtain 
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78. Because the relative amplitude of the waves is such a critical 

parameter, at this point, it is useful to consider the properties of real 

waves and their influence on the behavior of the silt curtain. A simple 

and understandable description of real wave systems is available in the 

H.O. Publication No. 6041'. The simplest wave theory is based on the 

surface shape being a sine wave. According to this theory, the wave 

length, L, period, T, and water depth, d, are related by: 

(43) 

In the case where water depth is larger compared to the length of the 

wave, tanh 2?~ e = 1 and 

T - 
J 

27TL = 
g 

(44) 

If T is measured in set and L in ft, equation (44) reduces to 

T = 
L J- 5.12 (45) 

Equation (43) is presented graphically in Figure 24 over a range of 

wave lengths, periods, and water depths that are typical of dredging 

operations. The curve for infinite water depth is equation (45). Silt 

curtain applications are typified by water depths of 10 to 20 ft. and 

wave lengths up to 30 ft. According to Figure 24 these conditions 

represent deep water waves whose properties can be estimated by equa- 

tion (45). Also, the maximum height that a wave can achieve before 

breaking is approximately l/10 its wave length 11 . This provides the 

limiting wave height and amplitude as a function of wave length or 

H = L=2r 
max 10 max 

and 
r = L 
max 20 
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A comparison of Figures 22 and 23 with 24 shows that the curtain's 

critical frequency (1.75 Z) occurs at a wave length of 1.7 ft, which 

is approaching the width of the flotation element. The assumption 

that L>>2p is probably being violated in this region although the real 

amplitudes are probably less than those predicted by this solution. 

79. With the information of Figures 22, 23, 24 and Equation 46, 

the response of the silt curtain to any wave that is'within the limits 

of the above solution can be examined. As an example, consider a lo-ft 

long wave: 

L= 10 ft (assumed) 

T = 1.4 sets (Figure 24) 

Zo/?.j = 1.01 (Figure 22) 

E = 0 (Figure 23) 

r max = 6 in. (Equation 46) 

z = 6.06 in. 
0 max 

The g and z vectors are defined by X0, r, and E and must be subtracted 

vectorially to give the relative motion between the curtain and the water 

surface. Particularly, the amplitude of the vector 2 - z gives the draft 

of the flotation element in the water. If this draft exceeds the free- 

board of the flotation element (ll-3/8 in.), the curtain submerges and E 

allows turbid water to escape on the surface. Since the phase angle 

is zero, the two amplitudes subtract directly: 

1; - t] = go - r = 6.06 - 6.00 = .06 in. 

The curtain in this example will cycle in and out of the water with an 

amplitude of approximately l/16 in. The immersion amplitude has been 

similarly determined for wave lengths in the range of 1 to 20 ft and 

is presented in Figure 25. This plot is valid for all water depths 

since the related corrections are not significant. For 3-ft-long waves 

and up, the immersion amplitude is less than 0.25 in. As the wave 

length shortens to 1.75 ft, the immersion amplitude increases to a 
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maximum of approximately 1.3 in. and then falls off toward zero at 

shorter wave lengths. The entire profile of Figure 25 is well below 

the freeboard of the silt curtain (approximately 12 in.). 

80. The results of the foregoing analysis show that the curtain 

used in the example is extremely buoyant and responsive. It follows 

the broadside heaving motion of those waves expected in disposal areas 

without being swamped or submerged provided that the waves are not 

breaking and the silt curtain is free to respond to the forcing motion 

of the waves; i.e., it is not restrained by anchor cables. Since silt 

curtains are generally similar in design, the performance of the sample 

,curtain applies as well to any curtain with similar buoyancy and 

physical properties. 

81. Horizontal Surge Response. The horizontal surging motion 

of the silt curtain is derived from the orbital and mass transport 

motions of the wave system. The entire water column undergoes orbital 

motion due to the travelling surface waves. The silt curtain, having 

high drag in the broadside direction, follows clearly the horizontal 

movement of the water column while its good heave response causes it 

to track the vertical displacement of the free surface. The orbital 

motion is circular at the surface with amplitude (i.e. radius of the 

circular orbit) of half the wave height and with the same period as 

the wave system. Orbital velocity at the surface is wr, and it de- 

creases with depth below the surface due to the exponential alternation 

of the orbit radius, r. The mass transport motion is generated by a 

small displacement of each water particle in the direction of wave 

travel with every orbital excursion. As a free-floating curtain undu- 

lates in the wave system it moves steadily but slowly in the same 

direction as the waves. 

82. Once the curtain is anchored in place it is restrained from 

following the orbital motion of the water column, and the resultant 

motion of the water relative to the curtain generates larger hydro- 

dynamic forces that act on the curtain. The transport velocity is a 

steady current that moves the curtain in the direction of wave travel 
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thereby taking up the slack in 

restrained against an oncoming 

through and over the crest and 

at and near the surface of the 

the anchor cables. With the curtain so 

wave it tries to follow the surface up, 

in the process sees the particle motion 

incident wave (see Figure 26). In the 

trough-half of the wave the horizontal motion of particles moves the 

t- 

Crest Half Trough Half 
of Wave of Wave _I 

Flotation 

-- 

Wave _ 
Motion 

// ,,,ioT , 

Figure 26. Particle motion in a wave relative to the flotation element 

curtain rearward tending to slacken the cables with maximum rearward 

velocity occurring at the bottom of the trough. As the curtain passes 

through the crest-half of the wave the particle motion moves the 

curtain in the direction of wave travel thereby tensioning the anchor 

cables. The maximum forward particle velocity occurs at the crest 

of the wave and is equal to the sum of orbital and transport velocities. 

If the anchor cables are taut when the wave crest passes, hydrodynamic 

loads on the curtain will be determined by the crest particle velocity. 

If the crest of the wave breaks, the breaking water travels with the 

wave and hence at wave speed (celerity) which is considerably higher 

than particle velocity. 
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83. The orbital and transport velocities are related to wave 

speed and to each other through the height-to-length ratio of the wave. 

Using the nomenclature of equation (16), the expression for wave speed 

islo 

c = &Lq- (47) 

Since the rotational speed, w, of the wave train is F where T, the 

wave period, is 2, then orbital velocity, wr, is 

or 
H 

wr=-rr c L 

The transport speed, w, is $r times the orbital velocity 
11 

or 

w= flT ( ) 
2 

C 

(48) 

The maximum value for F represents the highest wave possible without 

breaking: where substituted in equations (48) and (49), the resultant 

particle velocities represent the maximum values for a given wave 

length. Since = --& (equation 46) 

and 2 
w =- 

max Yoo c 

(50) 

The value for wave speed and the particle speeds are presented in 

Figure 27 for 10 to 1000 ft long waves and applicable water depths. 

At a water depth of 35 ft, 20 kt wave speeds are possible as well as 

6 kt orbital speeds and 2 kt transport speeds. If the wave height is 
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less than maximum for a given wave length, the orbital speed will be 

proportionally less and the transport speed will fall according to the 

square of the wave height ratio. Thus, if the wave height is one-half 

the maximum, the orbital speed is one-half the corresponding maximum 

value and the transport speed is one-quarter of the maximum. Wave 

speed is assumed to be unaffected by wave height. 

84. The velocity required to keep a curtain submerged can be 

estimated by considering the drag and buoyancy forces that act on the 

curtain. Figure 28 shows the free-body diagram for a curtain with 

the tension member along the bottom edge of the skirt and with vertical 

stiffness as provided by battens. The net buoyant force, B, acts to 

keep the curtain afloat; the drag force, D, rotates the curtain about 

the bottom edge; the anchor cable tension, T, balances the other forces. 

By taking moments about the bottom edge of the curtain, forces B and 

D can be related. 

~ $&J/?lotation 

Tension Cable 

Element 

Figure 28. Free-body diagram of forces acting 
on a silt curtain 
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B(h+t)cos$=D$sin$ (52) 

where h= curtain depth 

d = diameter of flotation element 

B = net buoyancy of submerged curtain per unit length 
of curtain 

D = hydrodynamic drag per unit length of curtain due to 
water velocity 

V= water velocity 

The hydrodynamic drag, D, is given by 

D = CD +$) sin I$ +$ 1 
which when substituted into equation (52) gives 

(53) 

V- J ‘D pwh tan Q4Lsin J, +c2$+ 1)] (54) 

and 

T 5 
J 

B2 + D2 (55) 

N = D sin $ - B cos $ (56) 

n = sin-l N ‘T (57) 

Equation (24) expresses the water velocity required to flare the 

submerged curtain at angle +. If the top of the flotation element 

is just beneath the surface of water whose depth is H, the silt cur- 

tain is just submerged and the length of the anchor cable, 2, must be 

H- 
R 

(h + 4 sin $ + p I = sin (JI - T$ 
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85. From equations 52 through 58, the submergence characteristics 

can be developed for a particular curtain configuration. For the silt 

curtain used in the heave response analysis (Figure 21), the parameter 

values are as follows: 

Curtain height, h = 5 ft 

Flotation element diameter, d = 14 in 

Residual buoyancy, B = 60 lb/ft 

Drag coefficient, CD = 1.5 

Sea water density, pw = 1.99 slugs 

Water depth, H, = 15, 20, 25, 30, 35 ft 

The submergence characteristics of the 5 ft curtain are presented in 

Figure 29 in the form of plots of anchor cable length as a function 

of the minimum current required to submerge the curtain with water 

depth as the parameter. If the point determined by the cable length 

and actual current falls to the right of the actual water depth line, 

the silt curtain will be submerged by the flow condition. The 

anchoring load, t, for the submerged curtain (equation 55) is pre- 

sented in Figure 30 as a function of current. ' 

86. The surge limits of operation for a silt curtain in waves 

can be estimated by combining the swamping characteristics of the curtain 

and the dynamic properties of the wave system. It has been shown that 

as long as the vertical motion of the typical curtain is not restrained, 

the curtain will not swamp in heave. The anchor system by design 

provides maximum horizontal restraint with minimum vertical restraint 

thus allowing the curtain to respond to depth changes, waves and tides 

at the same time securing it against the horizontal motions of currents 

and wave surge. It is therefore reasonable to assume that for a 

typical curtain the horizontal particle motion perpendicular to the 

curtain determines whether the curtain gets swamped. The most severe 

condition is a broadside wave moving against the silt curtain whose 

anchor lines are taut as the wave crest passes. The velocity of the 
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water flowing by the curtain is maximum at the crest and is the sum of 

orbital and transport velocities. The limit of functional operation is 

therefore defined as any condition where the maximum particle velocity 

of the wave system is equal to or exceeds the minimum submergence velocity 

for the curtain as given in Figure 29. 

87. Although the criteria is not an exact solution for the anchored 

curtain, it does provide a reasonable estimate of failure conditions. 

Since the criterion applies only at the crest, the curtain may swamp 

only at this point but operate effectively through the remainder of the 

wave. It therefore indicates incipient swamping which represents the 

most conservative warning. The tendency of the slope of the wave to 

aggravate the swamping of the curtain is not taken into account. The 

good heave response of the curtain and the fact that the maximum slope 

on the steepest wave (f = 6) is only 17.4 deg both tend to affect the 

aggravation. 

88. The procedure of determining whether a curtain will operate 

satisfactorily can be best illustrated with an example. A silt curtain 

is to be installed around an open water discharge pipe in an area where 

the water is 20 ft deep. The dredging operation is closed down when wave 

heights reach 3 ft. In heavy weather 6 ft waves are usual. The silt 

curtain has a 5 ft skirt, reserve buoyancy of 60 lb/ft, bottom tension 

member, and is secured in place by 60 ft anchor cables. Assuming waves 

of maximum height but not breaking, how will the silt curtain perform? 

The summary of wave, current, and anchoring condition is tabulated below. 

Property 

Wave height, ft 
Hl Wave length, ft (K = TO) 

Water depth, ft 

calm 

from wave crest 

Velocity, kts 

orbital 

Reference 

Figure Note 

3 6 

30 60 

20 20 

21.5 23 

2.3 3.4 

89 
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Property 

transport 

orbital & transport 

Wave height, ft 

Velocity, kts, continued wave 

Anchor cable length, ft 

Maximum allowable current, kts 

Minimum anchor cable length, ft 

Anchoring load, lb/ft 

Notes 

a - 

!? 

C - 

d - 

e - 

In 

0.7 1.0 

3.0 4.4 

3 6 

7.4 10.2 

60 60 

3.6 3.4 

49 84 

167 260 

Reference 

Figure Note 

27 a 

27 a 

29 b,c 

29 b,d 

30 e 

Figure 27 must be entered with the calm water depth. 

Figure 29 must be entered with the water depth as measured from 

the wave crest. This is equal to the calm water depth plus half 

the wave height. 

Maximum allowable current is the value that will just submerge 

the curtain. Its value is obtained from Figure 29 using actual 

anchor cable length and the wave crest water depth. 

Minimum anchor cable length denotes the length at which the curtain 

just submerges at a specified current and water depth. Its value 

is obtained from Figure 29 using the actual water particle velocity 

(orbital & transport) and the wave crest water depth. 

The anchoring load is the force required to secure the curtain 

along the bottom edge of the skirt. Its value is obtained from 

Figure 30 as a function of water particle or current speed. Note 

that these are the loads for a submerged curtain. 

the 3 ft sea the curtain is seen to be functional since the allowable 

current (3.6 kts) is greater than the actual (3.0 kts). The cable 

margin is 11 ft as given by the excess of the actual over the minimum 

required cable lengths (i.e., 60 - 49 ft). The tension load in anchor 
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cables that are spaced 100 ft apart is 16,700 lb assuming adjacent 

curtain sections are similarly loaded. This represents the peak value 

of a load cycle that is in phase with the wave system. The peak value 

is reached as the curtain moves through the wave crest. The tension 

load falls off as the curtain moves down the back side of the wave, 

and when the particle motion reverses going into the trough the cables 

go slack and the tension loads fall to zero. The tension cycle begins 

anew as the curtain proceeds up the face of the following wave. The 

cyclic load pattern weakens the support system by creating stress con- 

centrations at the attachment points where (1) the anchor grabs the 

bottom, (2) the anchor cable attaches to the anchor, and (3) the anchor 

cable attaches to the tension member of the curtain. 

89. In the 6 ft sea the curtain will be swamped by the crests 

since the actual water particle speed (4.4 kts) exceeds the allowable 

value (3.4 kts). In this case the anchor cable is too short at 60 ft 

and would have to be lengthened to more than 84 ft to prevent the 

swamping. The tension forces on anchor cables (100 ft spacing) would 

be 26,000 lb at peak load through wave crests and would fall to zero 

in the troughs. Unless anchor, cable, and cable attachment points are 

all designed for this load type and level, a failure of any element 

could result in the total loss of the silt curtain. The loads deter- 
4 

mined above entail a very high capacity anchoring system. The anchors 

for 100 ft curtain segments must be the equivalent of ten 100 lb 

Danforth anchors for a mud bottom (Figure 74) and 1 in braided nylon 

anchor lines (Table 6). The equivalent is a single 100 lb Danforth 

anchor every ten ft (10 ft segments rather than 100 ft segments) each 

with a 3/8 in. nylon anchor line. Although the anchor configuration 

is reasonable, the spacing would require 100 anchors per 1000 ft of 

curtain for restraint in one direction and 200 per 1000 ft for restraint 

in two directions. This represents a considerable expense not only 

in hardware but also installation labor since the curtain must be 

moved each time the discharge is relocated which operation occurs 

every few weeks. 
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90. Breaking waves have the same hydrodynamic properties as waves 

of maximum height with the added feature of the mass of breaking water. 

A wave will break when the water particle velocity at the crest equals 

the wave speed (celerity) and it will spill down the front of the wave 

when the particle velocity at the crest exceeds the wave speed; i.e., 

water particles try to move faster than the wave. According to the 

theory for deep and intermediate waves 
15 

, this condition is reached 

when H/L = l/n but in reality the wind, which usually generates the 

waves, shears the water particles in the crest and increases their 

velocity causing the wave to break when H/L has reached approximately 

l/10 rather than ~/VT . The water involved in the break rides the 

forward face of the wave and travels at wave speed. As the anchored 

silt curtain moves up the face of the oncoming breaking wave, the mass 

of breaking water impacts and flows over that part of the flotation 

element above the surface. The submerged portions of the curtain 

are not exposed directly to the breaking water mass since it is an 

above surface phenomenon. As the water flows over the flotation 

element turbid surface water is released with each breaking wave that 

passes and a load is imposed on the curtain due to the drag of the 

breaking water flowing over the curtain. This load is transmitted 

from the flotation element through the skirt to the anchor cables 

and therefore all parts of the curtain are stressed by it. The drag 

force is given by the form of equation (53) as follows: 

D=CDd 3 P, c2 

where C is wave speed (equation 17, Figure 28). Referring to the 

conditions of the numerical example the drag loads for the 3 ft and 

6 ft breaking waves are outlined below. For the 3 ft wave system 

D= 
14 1.5 x 12 x $ x 1.99 x (1.6878 x 7.4)2 = 272 lb/ft 

For the 6 ft wave system 
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14 
D = 1.5 x12 x + x 1.99 x (1.6878 x 10.2)2 = 516 lb/ft 

The level of these loads indicates that the breaking wave could cause 

structural failure of any reasonably sized component in the load path for 

the silt curtain. These include the flotation element and its attachment 

to the curtain, the curtain itself, the anchor cable attachment, the 

anchor cable and the anchor. 

91. Although the preceding discussion has concentrated on broad- 

side waves that intercept a straight section of curtain along its entire 

length, the usual deployment configuration is such that a unidirectional 

wave system will produce broadside waves along one section of the curtain, 

longitudinal waves along other sections and quartering waves along the 

remaining sections. The broadside wave causes the curtain to move as 

a whole along its length and horizontal components of water particle 

velocity are always transverse to the curtain, When the curtain is inun- 

dated by a broadside wave or breaker the amount of turbid water released 

is greater than for waves of lesser angle of incidence. The longitudinal 

wave travels along the length of the curtain at wave speed. If the curtain 

is very flexible to vertical shear, it will follow the contour of the 

travelling longitudinal wave. If the curtain is still in vertical shear, 

it will not follow closely the crest and trough of the wave and conse- 

quently the crest will tend to submerge the flotation element. When this 

occurs the turbid water does not escape across the curtain because there 

is no horizontal component of water particle velocity in that direction. 

The drag load on the curtain is predominantly skin friction acting over 

the wilted surface of the curtain and therefore will be lower than 

the form drag encountered in the case of broadside waves. Quartering 

waves have both longitudinal and transverse components and hence 

introduce the features of each. Based on the above considerations 

of wave types, the broadside or transverse wave system inflicts maximum 

functional interruption and structural damage, the longitudinal wave 

causes the least functional interruption and damage, and quartering 

waves are intermediate between the two. 
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92. The behavior of a typical silt curtain in waves can be 

summarized as follows: 

a. Heave response of the unrestrained silt curtain is - 
sufficiently good that it can follow the vertical 
motion of virtually any wave expected in the disposed 
area without being swamped or submerged. 

The horizontal surging motion in linear broadside waves 
generates particle velocities (i.e., orbital and 
transport) of sufficient magnitude to submerge a typi- 
cal silt curtain. The resistance to swamping may be 
increased by adjusting the reserve buoyancy of the cur- 
tain together with the length of the anchor cable. The 
limiting dredging condition is simulated by 3 ft high 
maximum waves that impose loads of 17,000 lb on anchoring 
systems that are spaced at 100 ft intervals. A storm 
condition at the discharge sight is simulated by 6 ft 
high maximum waves, and these generate 26,000 lb tension 
loads in the 100 ft anchor systems. These are extremely 
high loads for a silt curtain and would require extra 
anchoring components. On the other hand, medium capacity 
anchor systems could be expected to fail under these 
operating conditions. 

C. - Breaking waves incur nearly double the loads of the 
linear broadside waves of 3 and 6 ft heights and hence 
the ordinary anchoring systems discussed in this report 
would fail. 

d. - Functional and loading considerations indicate that the 
broadside or transverse waves system are most severe, 
longitudinal waves are least severe, and quartering 
waves are of intermediate severity. 

Deployment and Maintenance 

93. For any silt curtain application there are several basic 

questions related to deployment that must be addressed. For the exis- 

ting water depth, how far should the curtain extend and how large should 

the bottom opening be? How far from the pipe discharge should the cur- 

tain be located and how long can the curtain be left at that location 

before it must be moved? This section describes a simple model that 

can be used in the selection of curtain installation specifications. 
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94. In general, the silt curtain configuration is established in 

a practical manner. As the area within a curtain surrounding a discharge 

barge is increased, the retention time also increases so that more 

settling can occur inside the curtain and less turbid water is released. 

The larger enclosure area also means a longer time period before the 

curtain array must be moved to prevent sediment buildup on the skirt. 

The size of the curtain enclosure is limited, however, by the total 

length of curtain available to the project and the proximity of land 

areas and shores. The depth of the curtain is determined by the water 

depth and the desired bottom opening. The bottom opening cannot be so 

great that excessive turbidity is released, and it cannot be so small 

that the settled solids seal the bottom of the curtain and entrap the 

sediment. If the discharge operation continues after the curtain 

becomes sealed, the mudflow buries the bottom of the curtain, eventually 

causing the curtain to submerge. Recovery of the curtain is costly and 

incurs delay while the dredge is shut down and the discharge barge is 

moved to a new location. Therefore, when the curtain is threatened 

by sealing along most of its length, the enclosure must be enlarged 

or the curtain must be moved to a new disposal area. In either case 

the curtain is moved only after the sediment buildup threatens to 

seal the bottom edge. Therefore, this volume of sediment buildup is 

used in the following model as a basis for estimating the effects of 

curtain configuration on the expected operating time before the cur- 

tain must be moved. 

95. Consider a disposal site where the currents and bottom 

slope are negligible; the fluid mud moves radially outward in all direc- 

tions, and the silt curtain is deployed in a circular configuration 

centered on the d&charge barge (Figure 31). As the discharge opera- 

tion progresses, a large portion of the solids settle out near the 

discharge barge. This material mounds under the barge until the 

critical slope is realized. The sediment then moves radially outward 

and spreads until the slope is reduced to the critical value. The 
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a. Plan View 

Settled Solids Mixture 

Silt Curtain 

I 
b. Elevation View 

Figure 31. Symmetrical discharge configuration used in this model 
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gross effect is that the thickness of the mound falls off linearly with 

radial distance from the barge and the mound shape is approximately 

conical. The corresponding volume of the settled solids mixture when 

the silt curtain becomes sealed is given by 

vB = $ nR2H (59) 

where 73 
= volume of mounded material 

R - radius of the base of the conical mound 

H = height of the conical mound under the discharge barge 

96. From Figure 32, which illustrates the physical configuration 

and the critical dimensions, it can be seen that 

R r -=- 
H H-h 

where r = radius of the silt curtain 

h = bottom opening under silt curtain 

The slope of the mound is given by 

(60) 

(61) 

Combining equations (60) and (61) results in 

H=h+Sr 

H h 
R s s 

=-=--+r 

So that for any combination of bottom opening, h, and curtain radius, 

r, the dimensions of the conical mound (R, H) can be determined as well 

as the total volume of the settled solids mixture. If ag is the solids 

ratio of the settled mixture by weight and B, is the solids ratio by 

volume then 
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Discharge Pipe 

Figure 32. The conical mound 

B= 1 

1+2-l z 
( > aB 

where pP = density of solids 

pw = density of the water 

The volume of the solids alone in the bottom mixture is given by 

v =@xV 
sB B B 

(64) 

(65) 
\ 

In the same manner the solids ratio by volume can be obtained for the 

pumped slurry 

BP = 
1 

1+1 -1 o$ 

( 1 

(66) 

aP 

where 
aP 

= solids ratio by weight, pumped slurry 

BP 
= solids ratio by volume, pumped slurry 

The volume of solids pumped is therefore given by 
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v 
sP = P, VP (67) 

where v 
sP 

= volume of solids pumped 

v 
P 

= volume of slurry pumped 

Since a small percentage of the pumped solids becomes suspended in the 

water column as turbidity and does not contribute to the settled solids, 

the settled solids volume from equation (67) can be expressed‘as 

v 
sB 

= (1 - k) BP VP 

where k= volume fraction of the solids that do not settle. 

Equating (24) and (27) produces 

(1 - k) 6, VP = 8, VB 

and 

L BB 

vB (1 - W 8, 

(68) 

(69) 

97. The slope of the sediment, S, can be estimated, based on a 

limited amount of field data. 12,13 
The slope, or angle of repose, will 

depend on the initial bottom topography and the properties of the 

dredged material; for this analysis assume a slope of 1:200. 

98. The values taken for the constants in equations (64) through 

(69) are given below. 

ag = 925 

aP = 
.15 

oP 
= 5.16 slugs (Sp. Gr. = 2.66) 

PW 
= 1.96 slugs (Sp. Gr. = 1.01) 
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99. The value for the solids ratio of the mounded material, CXB, 

is based on the data for bottom samples taken from a site in Georgetown, 

South Carolina (data are reported later in Figures 45, 46, 51). The 

solids ratio for the pumped mixture, a 
P' 

is typical for a pipeline dredge 

operation. 

100. Substituting the above values into equations 23 and 25 yields 

@B = 0.112 

@P 
= 0.0628 

1.78 
(1 - k) 

101. By matching up the total volume of pumped mixture and the 

pumping capacity of the dredge, the pumping time required to seal off 

the bottom of the curtain can be determined. This also represents the 

allowable operating time before the curtain must be moved. The pump 

capacity equation is given by 

V =H%?2DT 
P 4 (70) 

where V 
P 

= volume of pumped mixture 

ID = ID of discharge pipe 

LJ = velocity of discharge flow 

T = duration of pumping or operating period for silt curtain 
array 

102. Combining equations 59, 63, 70, and 71 results in the expres- 

sion for operating time, T, in terms of the system variables. 

T = (200 h + r)3 

83.8 (l-k) E2U 
(71) 
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103. Equation (71) is plotted in Figure 33 in the form of a nomo- 

graph. Figure 34 presents the mound dimensions as a function of curtain 

radius and bottom opening. To illustrate the use of Figure 33, assume 

approximately 3800 ft of silt curtain or enough to install in a circular 

enclosure around the discharge barge with a radius of 600 ft. The 

water depth is 14 ft and the curtain depth is 10 ft. The pumping system 

is capable of developing 18 fps in the 18 in. discharge pipe. Enter 

Figure 33 with a 500-ft curtain radius and a bottom opening of 4 ft 

and determine the mound volume to be 11.5 million ft3 before the 

curtain seals. Trace the mound volume over to the "escape fraction" 

plot. These curves incorporate the solids ratios of pumped slurry and 

bottom sediment as well as the "escape" fraction (k). The escape 

fraction represents that part of the solids that gets carried out of 

the system and does not settle out in the mound. For initial estimates 

of pumped volumes required to seal the curtain it is recommended that 

the escape fraction be taken as zero, since this represents the shortest 

operating period and the threshold beyond which the curtain is likely 

to seal. As more operating experience is gained with silt curtains, 

the equivalent escape fraction may be determined by back plotting to 

these curves. Using an escape fraction of zero, find that 20.5 million 

ft3 of slurry must be pumped. Enter the pumping capacity plot with a 

slurry velocity of 18 fps and an 18-in. pipe ID and find the flow rate 

to be 2.75 million ft3 per day. Project this over to the total pumped 

volume and find that the curtain can be operated for at least 7.5 days 

at 24 hr per day before the curtain should start to seal. Figure 34 

shows that the mound will be 6.5 ft high at the center of the circular 

area (water depth = 7.5 ft) and that it extends 1300 ft from the center. 

104. If the array is semi-circular, treat it as a circle and use 

one-half the operating time. 

105. If the configuration is approximately a square of side S, 

treat the application as though it were a circle with a radius of S/2. 
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Figure 33. Silt curtain deployment requirements 
for dredged material slurry of 15% solids by 

weight, fluid mud of 25% solids by weight, 
and a mound slope of 1:200 
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Figure 34. Conical mound dimensions for slope of 1:200 
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Field Measurements 

106. As originally proposed, this study was to consist of a combi- 

nation of technical analyses and field measurements, the latter to be made 

opportunistically on actual dredging projects. After several field trips 

on dredging projects had been conducted, it became evident that the re- 

quired engineering data and range of variables of interest could not be 

obtained at the field sites. Therefore, an independent field demonstra- 

tion program was developed and tests were conducted to supplement the data 

collected on dredging operations. The results of the field measurements 

program at actual dredging projects are presented in this section. The 

independent field demonstration program is presented in the next section. 

Case Study 1 

107. The first field trip studied a silt curtain operation on a 

river in Florida. A two-stage upland containment area from a previous 

dredging project was being used for upland disposal with the effluent 

returning to the river. Water current levels in the river were extremely 

low (less than l/4 knot). 

108. Figure 35 shows the curtain geometry utilizing a maze or laby- 

rinth configuration. The skirt depth was 5 ft. Examining the levels 

of NTU (Nephelometric Turbidity Units) shown in Figure 36, it is apparent 

that there is not a substantial decrease in turbidity levels from one 

side of the curtains to the other. Surface water in the gap has higher 

levels of turbidity (station 6) than exist behind the curtain (stations 

4 and 5). High levels exist at intermediate depths on both sides of the 

curtain. Two miles downstream, surface turbidity levels are approximately 

the same as those levels at the curtain exit gap (station l), but levels 

at middepth are lower at station 7. 

109. If a criterion of 50 NTU's above background (station 8) is 

used, the curtain is seen to be "effective" in reducing the station 6 

levels to acceptable values downstream from the curtain at station 3, 
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marginally effective at station 2, and not effective at station 1 where 

direct flowthrough resulted. These observations suggest the possibility 

that a closed curtain around the discharge area, or a curtain extending 

across the entire river, would probably have been a better choice to 

reduce the turbidity to acceptable levels. The correlation between NTU 

and suspended solids for this site is shown in Figure 37. 

Case Study 2 

110. Another operation monitored was in Riviera Beach, Florida, and 

consisted of an upland containment area with the overflow going through 

a standpipe into a closed silt curtain as shown in Figure 38. A previously 

deployed, partially submerged silt curtain was inside the outer curtain. 

Apparently it had been placed too close to the discharge point and was 

submerged by buildup on the bottom of the skirt, pulling it under. The 

material being pumped was observed to be very sand, with a considerable 

content of seashells. An investigation of the bottom inside the curtain 

showed an almost linear buildup of soft material between the shore and 

the barrier. This material was approximately 8 inches thick at 

50 feet from the shore; water depth was 6 feet and the barrier was 5 ft. 

long so it nearly touched the 8 inch layer. Water current velocities 

were estimated to be less than a few tenths of a knot at the curtain. 

111. Turbidity levels at the discharge point, as shown in Figure 

39, ranged between 35 and 350 NTU's. Background levels were approximately 

1 to 4 NTU's. If 50 NTU's above background is again selected as a 

criterion, it is readily apparent that the curtain was very effective 

except in the plume resulting from a gap in the curtain. Figure 40 

shows the relationship between NTU's and suspended solids for this site. 

Case Study 3 

112. The purpose of the third field study was to observe in detail 

the deployment of a silt curtain and to monitor its effectiveness in 

containing turbid water generated by a 16-in. pipeline disposal operation. 

The site was a marsh creation project adjacent to an island in South 

Carolina. 
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113. Deployment of Silt Curtain. One llOO-ft. section of curtain 

remained in the water from a previous operation, and it was anchored 

next to an island in Georgetown Harbor. The second llOO-ft. section 

arrived in a truck, which was backed down a boat ramp. One of the 

dredger's towboats pulled the curtain out of the trailer, towed it in- 

to position alongside the other piece and anchored it. This towing and 

anchoring operation took 10 to 15 min. 

114. The two furled curtain sections were joined and towed to the 

disposal site by the towboat at a speed of about 2 knots. The towboat 

pulled one end to the southern attachment point on the island; the other 

end was pushed ashore'by a 20-ft. utility boat and anchored with a 

20-lb anchor at the northern attachment point. A Danforth anchor weighing 

between 5 and 20 lb was attached to each lOO-ft segment of the barrier 

with 3/8-in. polypropylene line. It required 3 to 4 min. to place each 

anchor. (The curtain was not unfurled). 

115. A severe thunderstorm that struck on the first evening after 

the silt curtain was deployed caused most of the anchor points to fail. 

The anchors apparently stayed in place, but it is not clear whether the 

lines failed or the knots parted. The curtain was subsequently blown 

over the discharge pipe pontoons (Figure 41) and onto the island, resul- 

ting in chafing and tearing of the skirt. Figure 42 shows the curtain 

configuration after the storm. Although the curtain was totally ineffec- 

tive in this configuration, the dredging and discharge operation continued. 

The photo also shows furling lines still in place some 24 hr after the 

curtain had been deployed and dredging begun. 

116. The next day the dredge crew repositioned the barrier approxi- 

mately 100 ft to the south of its previous position and secured it with 

large anchors at the outside corners and smaller anchors at the inter- 

mediate points. Longer mooring lines were used on the anchors since the 

crew felt that the failure during the storm was caused in part by the 

tautness of the anchor lines. Figure 43 shows the anchor configuration 

used to secure the curtain the second time. 
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Figure 42. Curtain configuration after storm at site 3 
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117. Turbidity Measurements. The disposal operation was monitored 

by taking water samples from sampling boats both inside and outside the 

barrier. Water samples were taken at the surface, at the bottom, and 

sometimes at middepth. Figure 43 shows the radial lines to mark the 

sampling stations and the typical ambient levels of suspended solids in 

m&L 
118. Background suspended solids concentrations in the vicinity 

of the disposal pipe ranged from 15 to 43 mg/R; corresponding turbidity 

values ranged from 8 to 19 NTU's. Figure 44 shows the correlation 

between NTU values and suspended solids at field site 3. The water was 

chocolate brown with a Secchi depth of only 3 to 6 in. Large, low 

density aggregates indicating flocculation were observed, independent 

of the dredging operation, at many places in Winyah Bay. Currents in 

the disposal area ranged from 0.25 to 0.52 knots depending on location 

and depth. Water depth varied from 1 to 8 ft, and the curtain depth 

was 5 ft. 

119. Figure 45 shows suspended solids levels obtained during 

dredging on a flood tide, There is considerable variability in surface 

measurements within the curtain probably due to directional properties 

of the discharge jet. At the corners A and B/C surface turbidity levels 

were the same on both sides of the curtain because these sections of 

the curtain had not been unfurled. Figure 46 shows data collected on 

an ebb tide. High levels of suspended solids were found near the 

bottom, indicating a fluid mud condition on the bottom. Water column 

measurements made on radials up to 900 ft beyond the curtain indicate 

high suspended solids levels at the surface both inside and outside the 

curtain. 

120. To evaluate "sedimentation rates" at various locations within 

the silt curtain at site 3, sediment traps were deployed (Figure 47) to 

collect sediment settling into a "suspended" jar with a top opening of 

3.87 in.2 The sediment accumulation rates in the sediment traps (Figure 

48) increase with increasing distance from discharge point. However, 

all values appear to be low relative to the concentration and volume of 
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material being discharged. This supports the hypothesis that most of the 

material descends to the bottom to form a fluid mud layer while relatively 

small amounts of material remain suspended in the water column. As the 

turbid water above the fluid mud layer is carried away from the discharge 

point by currents, flocculation and subsequent setting of the floes may 

occur. Since several hours are required for these fine-grained particles 

to settle, as shown in the early analytic discussion the maximum settling 

rate occurs at a considerable distance from the discharge point. 

121. The suspended solids levels near the bottom during flood or 

ebb were between 0.13 and 14.8 percent solids. Almost all bottom solids 

concentrations were in the 1 to 17 percent range, which characterizes 

fluid mud. In addition the 5.5 percent level on the bottom outside corner, 

near Radial A, indicates that fluid mud existed outside the curtain. Since 

there was no other source for this fluid mud, it appears that the dis- 

charged mud was flowing under the curtain. 

122. During a second field trip approximately one month later to 

the same site, it was noted that a considerable number of "new" mud flats 

had emerged within the area inclosed by the silt curtain and the discharge 

site had been moved to the south. The curtain was moored essentially the 

same as it had been. However, the pontoon floats supporting the discharge 

pipe were resting on a flotation member of the silt curtain at the point 

where the discharge pipe crossed the curtain, causing the flotation member 

to sink below the surface producing a "turbidity leak." The situation 

was subsequently corrected by the contractor. 

123. An aerial survey of the site from an approximate altitude of 

700 ft was conducted during the middle of an ebb tide to assess the 

effectiveness of the silt curtain (Figures 49 and 50). The large dark 

streak was apparently a turbidity leak emanating from the center of the 

curtain where the discharge pipe crossed it. It extended eastward toward 

the channel and then generally southward in the direction of the out- 

going tide. Another phenomenon that was observed was a peripheral band 

of light brown coloration extending northward from the point of the pipe 

crossing and at the southeast corner of the inclosed area. 
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Figure 50. Closer view of discharge area at site 3 
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124. An outboard runabout was used for surface surveillance. 

Background samples were taken near the dredge approximately two miles 

north of the discharge site and at buoy 20A, about one mile west of the 

discharge site. Six sample stations were made around the curtain, three 

north and three south of the discharge pipe. Water samples were taken 

with a Van Dorn sampler at the surface, middepth, and just above the 

bottom, both inside and outside the curtain at each station. Near-bottom 

samples were also taken at precise distances off the bottom at each 

station to characterize the mudflow. This was done with a stiff rod 

having a 6-in. square "foot" and a series of hypodermic syringes rigidly 

attached to it at various heights above the foot. Once the apparatus 

was deployed with the foot resting on the bottom, a sample was taken by 

withdrawing the piston of the syringe with a cord attached to the handle. 

125. Hypothetical Considerations. Figure 51 shows very high levels 

of suspended solids outside the curtain at middepth levels and below. In 

some cases, the levels tended to be higher outside than at the corres- 

ponding levels inside. Since the curtain is impervious, the only mechanism 

that can satisfactorily account for these levels would be underflow and 

upward transport of sediment outside the curtain. Two considerations tend 

to support this hypothesis. First, the solids concentration of the bottom 

samples is in the fluid mud range of 1 to 17 percent solids 13 so that the 

material is likely to flow as a density layer near the bottom. Secondly, 

the aerial observations showing dark (suspended dredged material) and light 

(background turbidity) areas are consistent with the sample depicted in 

Figure 51 showing movement of material out of the curtain area. Leakage 

was also occurring at the pipe crossing point as a result of the pontoon 

resting on top of the silt curtain flotation, and the surface levels inside 

and outside the curtain are similar in this area. 

126. The solids content of the near-bottom samples taken outside the 

curtain (Figure 52) indicates that fluid mud is present outside most of 

the curtain perimeter. Three near-bottom samples taken at 100-ft increments 

east of station V indicate that at that part of the curtain the fluid mud 

extends approximately 200 ft outside the curtain. It was observed on this 
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second trip that the 5-ft curtain skirt was located in a region where 

the water depth had been reduced from 2.5 to 3 ft due to the material 

deposited inside the curtain. Along the exterior of the curtain, local 

turbid areas that were observed may have been caused by the flow of water 

out, under the curtain. 

Field Study Conclusions 

127. The fieId study work was useful both for observing problems 

in curtain deployment and usage and for investigating the mechanisms of 

dredged material movement around a curtain configuration. Several con- 

clusions regarding methods of deployment and several hypotheses regarding 

the material flow are presented below. 

128. Curtain Deployment. The first two case studies were both at 

sites where curtains were deployed in low current velocity fields. At 

the first river site the curtain was deployed in a maze configuration. 

This configuration did not appear effective in reducing turbidity from 

one side of the curtain to the other in spite of the low currents. At 

the second study site the discharge point was entirely closed off by the 

curtain, which appeared to be highly effective in reducing turbidity 

except in the region where turbid water was emanating from a gap in the 

curtain. It appears that the discharge area must be entirely surrounded 

or the curtain must form an unbroken seal on the downstream side of the 

discharge in order to be effective in reducing turbidity to acceptable 

levels. These field studies also point out the importance of maintaining 

curtain integrity by ensuring that gaps do not occur due to float failure, 

fabric tears or equipment interference with curtain deployment. 

129. On the third trip to site 3 some of the problems of curtain 

deployment were more evident. At this site the disposal area was larger 

than at the other sites studied and was more exposed to wind, storms, 

and currents. The data from this study indicate that the curtain was 

not very effective in reducing turbidity. Part of the reason for this 

was a matter of deployment or operational shortcomings. In places the 

curtain was left furled, tears were left unrepaired, and at one point 

the discharge pipe rested on the curtain causing it to sink and allowing 
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turbid water to leak out. In addition, the silt curtain was not moved 

when sediment had accumulated to the depth of the lower edge of the skirt. 

During changes in the tides the curtain dragged on the bottom and resus- 

pended the fluid mud creating turbid water outside the inclosed area. In 

addition, the mud buildup tended to pull the curtain underwater when the 

skirt lay down on the bottom. 

130. Operational shortcomings also took a toll during the storm 

that occurred at Winyah Bay. Due to inadequate moorings the curtain broke 

loose and was driven ashore and onto dredging equipment resulting in 

chafing and tearing of the skirt. It appears that insufficient anchors 

were laid and the mooring lines used were too weak. 

131. Other important reasons for reduced curtain effectiveness at 

the Winyah Bay site were the water currents and the tidal action. With 

the current magnitudes present at this site, considerable curtain flare 

must have reduced the effective depth of the curtain and allowed 

turbid water to escape under the curtain, close to the water surface. 

During the tidal cycles the curtain itself was causing resuspension of 

bottom materials because the mooring arrangement permitted the curtain 

to move back and forth over a considerable distance as the direction of 

the tidal currents changed. This is shown dramatically in Figure 53 

where the flood tide configuration shows the curtain spread to the north 

by the tidal current and the ebb tide configuration shows it spread in 

a southerly direction. The crosshatched areas show where the curtain 

swept over the bottom during tidal changes. Material deposited inside 

the northern edge of the curtain during the flood tide was exposed 

(outside the curtain) during ebb tide and was then susceptible to resus- 

pension by the current. In addition, the movement of the curtain during 

this period tended to resuspend material directly as the curtain changed 

its orientation with the tide. It is important to recognize that this 

is not a shortcoming of silt curtains, but rather a result of inadequate 

mooring and anchoring techniques. 
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132. Curtain Performance. The extensive data collected at Winyah 

Bay give some basis for determining the mechanisms of silt curtain per- 

formance. In the first place concentration measurements near the surface 

and near the bottom indicate that all but a very small amount of the dis- 

charged material forms a fluid mud layer on the bottom. The remaining 

small amount of material becomes suspended and will not readily settle 

out because several hours are required for sedimentation. Instead, it 

moves as a fine suspension subject to tides and currents and its flow 

could be influenced by silt curtains. Flocculation may occur causing 

some settling out. 

133. This hypothesis is supported by the material balance analysis 

of Chapter III, which indicates that approximately 95 percent of the 

discharged slurry forms a fluid mud layer leaving only about 5 percent of 

the discharged solids in suspension in the water column. This hypothesis 

is also supported by the sediment trap data indicating relatively low 

settling velocities of the fine-grained suspended material compared to the 

higher velocity of the discharge rate. Most of the discharged material 

was not deposited inside the curtain but probably moved out under the 

curtain in the form of a fluid mud layer. 

134. Analysis of near-bottom samples shows that fluid mud existed 

within the curtain and to a distance of about 200 ft outside the curtain. 

It should be noted that limiting concentrations for movement of fluid 

mud by density flow are about 1 to 17 percent solids by weight. 13 When 

there is less than 1 percent, the excess density of the solids water 

mixture is not sufficient to drive the flow, and the mixture moves with 

the ambient velocity. When concentration exceeds 17 percent, the mixture 

is too viscous to be moved by the excess density. Between these values, 

the excess density of the mud provides sufficient driving force so that 

the material will flow unless it is contained in an enclosure or pocket. 

Since the bottom at site 3 was essentially flat with no means of con- 

taining the flow, the existence of these concentrations near the bottom 

indicates that the fluid mud was probably flowing out under the curtain 
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to a distance of up to 200 ft (no velocity measurements of the flow were 

taken, however). 

135. It appears, therefore, that most of the discharged dredged 

material forms a fluid mud layer that can flow under the curtain. Once 

outside the curtain enclosure, resuspension and upward transport of the 

material may create turbidity outside the curtain. Evidently, only a 

small proportion of the discharged material remains in suspension at the 

discharge point although that amount is sufficient to cause high turbidity 

levels. This material settles at a very low velocity and therefore moves 

with the current and tides. Where a silt curtain is intact to a depth of 

several feet, this turbidity will be contained at the surface. It can 

flow. under the curtain, however, and then upward transport can bring it 

back to the surface some distance downstream of the curtain where it will 

be diluted to lower concentrations. 

136. Silt Curtain Effectiveness. The silt curtain acts as a barrier 

to suspended solids by holding them in a stagnation pocket behind the 

curtain. Since only a small fraction of the solids are so contained, the 

large percentage escapes under the curtain in the fluid mud cover that 

is generated within the curtain enclosure and flows along the bottom 

away from the discharge point. As it moves under the curtain the fluid 

mud layer generally carries with it a cover of turbid water that has 

escaped under the stagnation zone behind the curtain. If conditions 

are quiescent, the fluid mud system flows stably along the bottom 

beyond the curtain with virtually no apparent turbidity in the region 

of the surface. The theoretical scene has highly turbid water on the 

inside of the curtain and virtually clear water outside the curtain down 

to the bottom edge of the curtain. Down in the fluid mud layer on the 

bottom, the suspended solids concentration is very high and does not 

necessarily undergo a strong reduction in value as the mud flows under 

the curtain. 

137. In accordance with the preceding description, the effectiveness 

of the silt curtain was quantified by comparing the turbidity level on 
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the inside with that on the outside of the curtain at each of several' 

locations along its length. The percent reduction in turbidity level 

across the curtain was used as the effectiveness parameter. The dimen- 

sionless form accounted for the possibility of the difference in 

readings being a function of the level of turbidity. Percent reduction 

was defined as 100 times the ratio of the difference in readings to 

the higher reading. The reduction was positive (+) when the turbidity 

level on the inside (or upstream side) of the curtain was higher than 

on the outside, and negative (-> when the outside reading exceeded the 

inside level. This definition allowed equal differences in opposite 

directions to cancel each other exactly and limited reduction values 

to 100 or less. 

138. During field tests at the three test sites, a considerable 

number of readings were taken across the curtain not only at points 

along its length but also at several water depths at each sample station. 

These data have been copied from Figures 36, 39, 45 and 51 and compiled 

in Table 4 along with the conditions of each test and the percent 

reduction values. At Site 1 where the maze array was used, the reduc- 

tion values ranged from 14 to 54 percent and were all in the positive 

direction. These results reflect the very quiet, stable conditions 

that were obtained at this site as well as the apparent absence of 

phenomena that cause high turbidity.levels downstream of the curtain; 

i.e., reversing tidal currents, severe wave action, gaps in the curtain, 

etc. The turbidity levels also indicate that no readings were taken 

in the mud layer if such existed. The average of all reduction values 

was 31 percent which is probably indicative of the quiescent conditions 

and low turbidity levels rather than the maze configuration. 

139. The remainder of the effectiveness data was collected on 

curtains arrayed in the D configuration. During the field trip to Site 2 and 

the first to Site 3 relatively few measurements were made across the 

curtain; these are presented in Table 4 . The second trip to Site 3 

was conducted specifically to obtain turbidity levels across the curtain, 

and the body of Table 4 is comprised of the data from this trip. Water 
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Table 4 

Silt Curtain Effectiveness Data 

Sample 
Depth 

Units Turbidity 
Reduction 

Ref. 
Figure 

NO. 

ing 

Downstream or 
Outside Curtain 

Site Configuration 
(Skirt Depth) Upstream or 

Inside Curtain 

kts (b) (b) 

38 
25 
54 
22 
14 
45 
37 
23 
19 
32 
21 
39 

88 
75 

-19 
90 

-5 
-19 

72 
-12 

36 
72 

-18 
0 

-62 
-5 
-92 

38 
0 

-99 
-97 

23 
43 
56 
89 
55 
73 

-70 
78 
72 

3 
-3 

13 

Q 0.25 58 (6) 
70 

36 (3) 
52 

36 

98 
55 (5) 
73 
83 
43 (4) 
77 
90 

0 Ave. 
3 Ave. 
5 Ave. 

0 64 (8) 
3 63 

NTU 

NTU 

mg1.t 

45 
43 (2) 
63 
46 
27 (1) 
59 

"D" (5) or 0.25 8 (9) 
If, 

39 2 

(tr:p 1) 
22 (A) 27 (A) 
48 5 

168 (B) 177 (B) 
198 235 

36,000 10,000 

"D" (5) 45 0.25 
to 0.5 

0.25 
to 0.5 

3 
(trip 2) 

140 (I) 
180 

8,400 
210 (II) 
170 

37,000 
220 (III) 
280 
850 
260 (IV) 

14,000 
59,000 

3,200 (V) 
29,000 
44,000 

3,900 (VI) 
45,000 
50,000 

170 (I) 
180 

22,000 
220 (II) 

2,200 

51 "D" (5) mg/P. 

23,000 
220 IIII) 

27,000 
33,000 

200 (IV) 
8,000 

26,000 
340 (V) 

13,000 
12,000 
13,000 (VI) 
10,000 
14.000 

Note: (a) numbers refer to water depth in feet 
s - surface 
m - middepth 
b - bottom 

(b) numerals in parentheses refer to sample station locations, SW ref. figure. 

(c) % reduction given by the ratio of the difference in readings to the larger reading, 
multiplied by 100. Reduction is positive (+) when outside reading less than inside 
reading. Reduction is negative (-) when outside reading greater than inside reading. 
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samples were taken at six stations that were located at 200-ft intervals 

around the semicircular curtain array and at surface, intermediate, and 

bottom depths at each curtain station. The reduction values extend 

from a high of 89 percent in the positive direction to 99 percent in 

the negative direction. Approximately 40 percent of the data points 

showed a negative reduction. This condition was attributable to the 

wide excursion of the curtain in the tidal currents (see Figure 53) and 

was made possible by the use of only two anchor points on the ocean side 

of the curtain array. The lower edge of the curtain was allowed to 

drag along the muddy bottom and resuspend sediment on the outside of 

the curtain. Although the effectiveness of the curtain might have been 

improved significantly with the use of more anchors, the data do reflect 

the performance of a typical curtain installation and highlight the 

obstacles to be,overcome in order that the silt curtain function 

efficiently in the tidal zone. The top three stations in the north- 

east quadrant all appeared to suffer the buildup of turbidity outside 

the curtain while those In the southeast quadrant with the exception 

of one measurement all recorded positive (+) turbidity reductions across 

the curtain. If the two quadrant groups are separated, the northeast 

average is -37 percent and the southeast is +47 percent. The latter 

compares favorably with the 31 percent average for the maze configura- 

tion and probably is a reasonable measure of the effectiveness of the 

D configuration. Tidal effects reduced this to nearly zero (5 percent) 

as shown by the overall average of all Site 3 data (second trip). 

140. The overall averages for all measurements combine the good 

and bad features of curtain configuration and environmental conditions. 

These values are tabulated below for each sample depth and all depths 

combined. Turbidity reduction at the surface and middepth positions 

Overall reduction, surface - 15 percent 

middepth - 16 percent 

bottom - 27 percent 

all depths - 19 percent 
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are approximately the same at a conservative 15 percent. The larger 

reduction at bottom depth was probably due to the presence of higher 

suspended solids concentrations and concentration gradients. 

Field Testing of Curtains in Heron Bay, Alabama 

141. After the field studies that were discussed in the previous 

section, it became evident that the required engineering data and the 

range of variables of interest for investigating curtain performance 

could not be achieved through field programs at dredging sites alone. 

Therefore, a field demonstration program was developed and tests con- 

ducted in Heron Bay, Alabama to supplement the data collected at the 

three field sites. Data gathered during the physical tests included 

measurement of current velocity, mouth opening, shape of curtain, skirt 

draft, and skirt flare direction. 

Description of Tests 

142. A 100-ft section of each of two different types (American 

Marine's "Dual Center Tension" and "Fastwater Screen") of silt curtain 

was installed in a "D" shape in Heron Bay and a "U" shape in the cut 

between Heron and Mobile Bays (Figure 54). These two configurations 

were chosen since they represent typical field applications. For each 

configuration, physical behavior of the curtain was measured in various 

current regimes, and for selected configurations, turbidity characteris- 

tics of generated plume were measured. 

143. The purpose of the physical measurements was to provide insight 

into the behavior of the silt curtain and to verify the analytical pre- 

dictions under the influence of various current velocities. Physical 

measurements included an evaluation of the shape of the curtain profile 

as well as the velocity field near the curtain. Since flaring reduces 

the effective depth, hence the effectiveness of the curtain, its behavior 

as a function of current velocity is a critical factor. Measurements of 

the velocity field were made at a control point outside the curtain at 

a number of locations inside the curtain and in the gap between the bottom 

of the curtain and the bay bottom. 
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Figure 54,. Configurations used in Heron Bay tests 

135 



Discussion of Tests / 
144. Physical Tests. Nine tests of the top tension U-configuration 

and twelve tests of the center tension U-configuration were conducted at 

water current velocities ranging from 0.15 to 2.0 knots. Using the 100 

ft curtain, mouth openings were varied from 33 to 89 ft, and the curtain 

shape and flare measured as a function of current velocity. Figure 55 

shows the U test configuration. 

145. The center tension curtain demonstrated a sensitcvity to 

the way in which the ends of the curtain were attached so a number of tests 

were conducted using the two attachment techniques shown in Figure 56. 

When the single line yoke was used, the curtain flared in the same manner 

as a top tension curtain. However, when the double mooring was used, most 

of the tension was picked up by the lower mooring line and the type of 

flaring observed was much different as shown in Figure 57. The top ten- 

sion curtain flared in an inverted 'IL" shape and the double mooring 

center tension curtain flared in a "gull-wing." 

146. The top tension curtain was less sensitive to the way in which 

it was moored, since it was designed to hang from a single top mooring 

line. However, based on the analytical discussions presented earlier in 

this report, it appears that the performance of the top tension curtain 

could have been improved by mooring the bottom chain as well as the ten- 

sion cable. Figures 58 and 59 show the behavior of the top and center 

tension U-configuration curtains at currents in excess of 0.5 knots. An 

interesting result of the measurements of flare in these two cases was 

that the effective depth of the skirt, while slightly deeper in the case 

of the center tension, is quite similar for both cases. That is to say, 

the center tension curtain "appears" to be far superior to the top tension, 

whereas in actuality, there is not much difference as will be shown later. 

147. A D-configuration was also tested, as shown in Figure 60. 

Physical measurements were made on three tests of the center tension curtain 

and three tests of the top tension curtain, over currents ranging from 0.15 

to 0.9 knots. These tests verified the assumed behavior of the curtain 

in a velocity field. As shown in Figure 61, the curtain flared in on the 

up current side and out on the down current side. At a corner, the curtain 
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Yoke 

Single 

Mooring 
Line 

-i 

Mooring 
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Double 

Side View 

Figure 56. Center tension curtain attachments 

Skirt Effective Depth 

Gull Wing 
Inverted L 

No Current With Cur rent 

Note: These shapes would exert different hydrodynamic effects on 
the water currents that they are deployed in. 

Figure 57. Shapes of curtain profile in flare 
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Figure 58. Center tension curtain flare in IJ configura- 
tion at a current velocity of 0.5 kts 

Figure 59. Top tension curtain flare in U configuration 
at a current velocity of 0.8 kts 





/ 
1 

1 

Figure 61. Flare behavior in the D configuration, top 
tension curtain in a current of 0.25 krs 
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would twist such that the top of the curtain would change direction 

180' within a few feet. Flare measurements of the center tension vs. tt 

top tension once again verified that the center tension curtain maintair 

a greater effective depth for a given current, but that the difference i 

not as dramatic as expected from viewing the curtain. 

148. In the U-conEiguration a low frequency vertical oscillation c 

the skirt was observed. This was not observed in the D-configuration. 

is likely this effect is primarily due to water turbulence in the parri- 

cular area where the U-configuration curtain was deployed (see Figure 6: 

and not directly related to the curtain itself. This turbulence, howevc 

can be critical in terms of the turbidity control as will be d: 

the next section. 

iscussed j 

Figure 62. Turbulence in the U-configuration deployment area 

142 



149. Current Velocity Tests. The flow of water around a curtain was 

examined by measuring the current field in the vicinity of both the U- 

configuration and the D-configuration curtains. Figure 63 shows the 

velocity variation with distance from the curtain at 2-ft and 6-ft depths 

along the centerline of the U-configuration. The velocity reduction at 

both depths, immediately in front of the lower curtain edge is due to the 

diversion of most of the flow around the entire U-configuration. 

Velocity at the 6-ft depth increased right at the curtain due to the 

concentration of flow going under the curtain. Immediately downstream ' 

of the curtain, velocity decreased slightly at 6 ft as the flow expanded 

out of the curtain gap; still farther downstream the flow at all levels 

returned to the free stream velocity. Note that velocity under the 

curtain was about equal to the free stream velocity that is expected from 

the hydrodynamic pressures on the curtain. This velocity distribution 

confirms the expectations of water flow in the vicinity of a curtain 

moored in a free stream. Much of the flow is diverted around the entire 

curtain, especially if there is little depth under the curtain. Suffi- 

cient flow passes into the U and under the curtain so that velocity under 

the curtain will be close to the free stream velocity. 

150. Figures 64 thru 67 show current velocity measurements for the 

curtain in the D-configurations. Examination of these figures shows 

several interesting characteristics of the flow around the D-configuration 

In the first place, a high velocity (upstream) and a low velocity (down- 

stream) side of the configuration can be identified. The velocity inside 

the curtain usually is at a level somewhere between the high and low 

velocities outside, indicating that a significant amount of the water 

flow passes into and under the D while the remaining flow is diverted 

around the D. It is also interesting to note that within the D there 

is a trend for velocity to increase with depth due to the unobstructed 

flow through the gap under the curtain. In conclusion, these surveys 

indicate that flow in the vicinity of a D-configuration is split such 

that significant amounts of flow are directed both through and around 

the D. 
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Figure 64. Current measurements, center tension, 
D configuration, low current period 
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Comparison of Field Measurements and Analytical Results 

151. The physical behavior of the curtain in a current was the 

subject of analytical study earlier in this chapter. In the field testing 

described in the preceding section, physical behavior of the curtain (i.e., 

the shape taken by the deployed curtain in a current and the effective 

depth of the curtain) was observed and measured for a lOO-ft curtain 

deployed in currents up to 2 knots. In this section, the field testing 

results will be compared with the analytical results in order to evaluate 

the analytical approach. 

Curtain Shape and Curtain Tension in a Current 

152. The curtain shape in a current was measured during the field 

testing for several curtain configurations. The method of determining 

curtain shape was to measure distances from the mouth of the "U" (the 

bridge) to points on the curtain. These offsets were then used to plot 

the curtain location. 

153. For validation of the analytical study of curtain shape, 

catenary forms were plotted for comparison against the field test plots. 

The analytical study hypothesized that the curtain would take a catenary 

shape in a current and that the shape would be approximated by equation 

21 which is repeated below: 

y (x) = Lr(cosh +) - 1) 
Lr (21) 

where y is measured parallel to the current direction 

x is measured perpendicular to the current direction 

L is curtain length 

r is the tension parameter (defined in equation 19) 
that is related to the curtain length to mouth wide ratio 

Using this equation, the hypothetical curtain shape was plotted for each 

curtain configuration (mouth width) that was measured in the field test. 

The catenary plots were then overlaid on the field test plots for comparison. 
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Figures 68 and 69 show typical comparisons of hypothetical and field test 

results. In all cases the differences are within expected measurement 

variations and, therefore, it appears that the catenary equation presented 

above is a reasonable representation of the curtain form in a current. 

154. Since tension cable loads were not measured in the field, only 

analytical estimates can be made based on the measured shape of the curtain. 

The estimated tension loads are outlined below for specified water currents. 

Curtain deployed at 50-ft mouth width: 

l-knot current 165 /I curtain tension 

2-knot current 374 I/ curtain tension 

Curtain deployed at 70-ft mouth width: 

l-knot current 332 # curtain tension 

2-knot current 752 f curtain tension 

Inasmuch as the tension estimates depend on the curtain shape equations, 

which according to Figures 68 and 69 predict the shape quite closely, the 

above tension values are felt to be reasonably accurate. 

Effective Depth of the Curtain in a Current 

155. Effective depth is defined as the depth from the water surface 

to the bottom of the curtain. In other words, it is the vertical measure- 

ment of depth of the flared curtain. The curtain effective depth in a 

current was measured during the field testing for several curtain confi- 

gurations, several currents and at several points along the curtain length. 

The method for determining effective depth was to use a calibrated line 

attached to the bottom of the curtain. By pulling the line into a vertical 

position from the surface, the effective depth could be read from the 

length markings. Effective depth was measured at several points along the 

curtain length to determine how flare is affected by the angle of attack 

of the curtain to the current. 

156. Qne important effect observed in the field test results was 

that the curtain had greater flare near the mooring points (at the ends) 

than it had at the apex of the "U." Analytical prediction expected 

curtain flare in currents to be greatest at the apex of the "U" where 
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the curtain orientation is normal to the current and least near the 

mooring point where the curtain is at a smaller angle to the current. 

Thus it appears that the factors controlling curtain flare near the 

mooring points may be different from those that influence the curtain 

flare at the apex. 

157. It was also noted that measurements of effective depth at 

the apex matched very well with analytical predictions and, therefore, 

the question to be resolved was what caused the extreme flare near 

the mooring points. One clue to this behavior was the observation 

that a significant tension existing in the lower part of the curtain 

acted along the entire curtain length. This could be observed from 

the shape and the folds in the curtain near the mooring point (Figure 

70). The implication of this observation is that the curtain's ballast 

chain was acting as a second tension member because it did not have 

sufficient initial slack to permit the curtain to flare without bringing 

the chain under tension. In fact the chain did appear to be acting, 

at least partly, as a tension member, although the chain was not pur- 

posely anchored for tension at the curtain's mooring points. The result 

was that the curtain itself absorbed the tension from the chain near the 

mooring points and this, in turn, caused a distortion of the curtain 

shape at the ends (Figure 70). This end distortion places unpredictable 

stresses in the curtain fabric, the tension cable, and the ballast 

chain near the ends. Thus analytical predictions of effective depth 

cannot be applied to the end parts of the curtain. It should be noted, 

however, that this problem is partly a consequence of the method of 

end attachment of the curtain. If the ballast chain as well as the 

tension cable were anchored, the end distortion probably would not 

occur. Also if curtain sections were linked into a much larger deploy- 

ment, this end distortion would not affect much of the boom length. 

158. As indicated in the above discussion, it appears that the 

end distortion is a peculiar consequence of the testing conditions and 

thus, for comparing field and analytical results only that data 

measured at the apex have been used. At the apex the curtain is 

c 
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Figure 70. U configuration curtain, near 
mooring point (bottom), showing folds 
(arrows) caused by tension in the lower 

part of the curtain 



essentially normal to the current and, therefore, comparisons have been 

made to predictions for a curtain normal to a free current. 

159. Figures 71 and 72 show a comparision of theoretical results 

to measured results for several curtain configurations and several 

currents. Figure 71 shows the top tension curtain and Figure 72 shows 

the center tension curtain. On each figure the continuous line shows 

the theoretically calculated effective depth as a function of current 

for the specific curtain deployed. The data points on the graph show 

the measured effective depths. It should be noted that the theoretical 

lines on these graphs are calculated for the single tension (top or 

center) curtain although there is some indication that the curtains 

act at least in part as dual tension curtains with the ballast chain 

acting as the second tension member. Theoretical calculations for 

single and dual tension curtains show no significant difference in 

effective depth as a function of current, however, and therefore the 

comparison is valid regardless of the extent to which the chain acts 

as a tension member. It will be seen from the figures that, for 

currents up to about two knots, the measured values are reasonably 

close to the theoretical curve. The measurements of effective depth 

also verify the theoretical prediction that the center tension curtain 

is somewhat more effective in current than the top tension. 
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Top Tension Effective Depth 
vs. Current (-90° to Curtain) 

X = Measured 
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Depth 
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0 1 2 

Current (knots) 

Figure 71. Theoretical vs. measured effective depth at apex for 
curtain in current - top tension, normal to current direction 
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X 
Center Tension - Effective 
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x = Measured Effective 
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Current (knots) 

Figure 72. Theoretical vs. measured effective depth at apex for 
curtain in current - center tension, normal to current direction 
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CHAPTER IV: RECOMMENDED CURTAIN DESIGN AND UTILIZATION 

Curtain Design Specifications 

160. Based upon an evaluation of the design considerations dis- 

cussed in Chapter II and on observations that were made in the field, 

the silt curtain specifications shown in Table 5 were developed. 

161. Skirt depth should be selected so that the curtain is about 

one foot off the bottom at low water. The lo-ft maximum skirt depth 

specification was selected primarily due to the difficulty in handling 

large curtains as well as the fact that underflow must take place 

anyway. A curtain with a greater skirt depth may be used in low current 

situations where handling and anchoring problems are less severe. In 

most situations a 5-ft skirt is adequate. 

162. It is strongly recommended that the load transfer type 

connector be used between sections of curtain. This may be metal or 

other suitable material as long as it adequately seals the space 

between curtain sections and allows the tension to be transferred 

along the vertical extent of the curtain or at least to middepth to 

assure proper vertical orientation of the curtain in the water. 

163. Tension members may be of the top or center type. The 

center tension type provides more effective skirt depth than the top 

tension in a given current but requires more effective mooring due to 

the increased drag caused by the extra skirt depth. 

164. The results of a comprehensive review of some of the curtains 

available commercially at the time of this study are shown in Table 6. 

While most manufacturers did not provide all of the data requested, 

the table provides insight into the products available. It should be 

emphasjzed that silt curtain manufacturing is a dynamic field and the 

user is urged to contact the manufacturers for the latest available 

information. 
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1. 

2. 

3. 

4. 

5. 

6. 

Table 5 

Recommended Silt Curtain Specifications 

Parameter Recommended Value 

Skirt depth 

Fabric 

a. Tensile strength 

b. Tear strength 

18 oz 

22 oz 

C. Abrasion resistance 

d. Material 

e. Coating 

f. Weight 

g* Seams 

Buoyancy 

a. Ratio 

b. Type 

Connector 

lo-ft maximum allowing 1-2 ft clearance 
between skirt & bottom 

2300 lb/in. 

2100 lb - quiescent conditions 

2200 lb - medium to high current 

a.200 lb/in. tensile strength after 
abrasion 

Nylon 

PVC 

18 - 22 oz (depending on material used) 

Heat sealed 

>5 

Solid, closed cell, and inclosed in a 
fabric pocket 

Load transfer type - aluminum extrusive 
or equivalent 

Ballast 

a. Type 

b. Weight 

Tension member 

No current 

Current (0.1 - 1.0 knots) 

Noncorrosive 

See Figures 16 and 17 

Fabric only 

Top or center tension; center tension 
provides slightly greater effective 
skirt depth 

Note: In 1976 a lOO-ft section of silt curtain with the above speci- 
fications and a skirt depth of 5 ft could be purchased at an 
approximate cost of $1200. 
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Turbidity Barrier Utilization 

Predredging Site Survey 

165. Prior to specifying or selecting a curtain for a project, it 

is necessary to obtain certain data about the site where the curtain is 

to be used. The types of data required to help select the most effective 

curtain are discussed in the following section. 

a. - Water depth. The water depth at the deployment site 
is required so that the curtain with the proper skirt 
depth can be selected and its placement geometry deter- 
mined. The bathymetric survey should extend from the 
shoreline out to a distance that will cover the area 
in which the silt curtain will be deployed. If the 
curtain is used to surround a pipeline disposal opera- 
tion, the curtain must be moved outward as the disposal 
area fills. The survey must, therefore, cover an area 
encompassing the maximum likely curtain perimeter. All 
water depth measurements should be corrected to a common 
datum so that the effects of tidal changes can be inter- 
preted. The survey should be conducted by a vessel 
equipped with a precision navigation system and a fatho- 
meter. 

b, Tide and current. Tidal changes should be established, 
including the tidal range, height referenced to a 
common datum, and the time cycle. Tidal change affects 
water depth, which affects the selection of the skirt 
depth. A simple tide gauge9 or calibrated vertical rod, 
may be used for these measurements. 

Water current speed and direction must also be estab- 
lished. Since the site is often near shore, where 
spatial current variations may be large, the measure- 
ments should be made in the region where the curtain 
will be deployed. While not absolutely essential, it 
is desirable to note the degree of turbulence in the 
area to be curtained since this can affect the behavior 
of the plume after it passes under the curtain. This 
is especially important in areas near bottom obstructions, 
pilings, and bridge supports. Current measurements for 
a tidal cycle can be conveniently displayed using a 
current rose, as rotary currents are displayed on navi- 
gation charts. Current measurements should be made at 
the surface, middepth, and near the bottom. 
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C. - Sediment type. The sediment type should be established 
in the proposed deployment area. This may be done using 
a grab sampler or a coring tool, supplemented by visual 
observations. The type of bottom and evidence of vege- 
tation will dictate the type of anchors to use and may 
assist in establishing the possibility of suspension or 
erosion taking place during the operation. Finally, es- 
tablishing the predredging bottom type will provide data 
that are useful in postdredging surveys to supplement 
bathymetric data in establishing the effectiveness of the 
curtain. 

Ai- Background water samples. Determination of the background 
turbidity at the disposal site\ is critical to establish 
the effectiveness of silt curtains during the operation. 
In some states open-water disposal is only allowed if 
turbidity levels do not exceed some predetermined level 
above background. The background levels should be measured 
under a variety of conditions (i.e., low and high current, 
waves and calm conditions, pre- and poststorm conditions, 
etc.). These data will be of value in determining under 
what conditions the disposal operation may take place. 

Samples may be taken with a conventional water sampler 
or any bottle that can have the stopper removed and re- 
placed at a predetermined depth. The samples should be 
taken at the surface, middepth, and near the bottom. 
Care should be exercised not to disturb the bottom when 
obtaining the latter sample. 

e. Miscellaneous. A number of other observations should be - 
made during the predredge survey phase, as follows. 

Convenient anchor points should be noted that may be 
used to moor the curtain, both in-stream and along the 
shore, if required. These may be pilings, bridge sup- 
ports, piers, etc. 

A location for launching and retrieving the silt curtain 
should be established. Since these actions will un- 
doubtedly involve the use of a large truck and boats, 
a launching ramp, crane services, etc. should be located 
as near the site as possible. 

Boat traffic in the area should be noted as this may 
affect the navigational markings that are used on the 
curtain and mooring system, the allowable scope of 
anchor lines, the wave conditions that the curtain will 
experience, the background turbidity, etc, 
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Curtain Selection 

166. There are a number of factors that must be considered prior 

to specifying a curtain for a specific application. The following guide- 

lines will assist the potential user in making a selection. (Also see 

the recommended curtain specifications earlier in this chapter). 

a. Skirt depth. The primary purpose of the curtain is to - 
reduce turbidity in the water column outside the curtain, 
not to retain the fluid mud or the bulk of the suspended 
solids. This may be accomplished with a relatively short 
skirt depth unless there is turbulence present. Without 
turbulence, the fine-grained suspended material flows 
under the curtain, disperses, and settles to the bottom. 
Under turbulent conditions a longer skirt may be required 
to minimize the turbidity that returns to the upper water 
column. Turbulence occurs in high current areas. There- 
fore this implies using deeper curtains in higher currents; 
however, the higher the current the more difficulty there 
is in handling a deep curtain. 

The basic criterion for specifying skirt draft is that 
the skirt should extend as deep as practical without 
touching the bottom at lowest water. Ideally, the skirt 
should be approximately one ft off the bottom to allow 
relatively uninterrupted passage of the mud flow and to 
prevent sediment buildup at the lower edge of the skirt 
that would submerge it. However, if the disposal area 
fills rapidly this may require frequent moving of the 
curtain; larger gaps may be desirable to avoid this 
situation. 

At a site where current exists, a 10 ft curtain is the 
largest that can be handled and maneuvered in the water; 
in calm water a deeper curtain is manageable. In most 
cases, however, a skirt depth of 5 ft is sufficient. 

If the bottom is irregular, the curtain skirt should be 
selected so that, at lowest water, it still clears the 
bottom by approximately one ft. It should be recognized 
that for configurations where the curtain is anchored to 
the shore, the skirt must lay on the bottom, and this 
requires periodic inspection to prevent submergence of 
the curtain due to sediment buildup. 

Water current can have a significant effect on the skirt 
behavior. In the case of low currents (i.e., 0.1 knot, 
or less), the full skirt depth is maintained. For higher 
currents, the effective skirt depth is less. This will 
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be discussed further in the following paragraphs on 
tension members. It is important to note that the skirt 
depth is selected from considerations of water depth but 
its behavior (effective skirt depth) is determined by the 
water current. 

b -9 Location of tension member. The tension member may be 
located on top or just under the flotation (top tension 
system) or part way down the skirt (center tension system). 

For use in low current situations under 0.1 knot, either 
the top or center tension member may be used. As the 
current increases, the center tension member will retain 
more effective skirt depth in any given current than the 
top tension. It is important to note that current may be 
induced by wind and waves , perhaps from the passage of 
a storm front, and that this should be considered in 
selecting a tension member location. If a center tension 
member is selected, the skirt will not flare to relieve 
tension as much as a top tension system; thus, the center 
tension system requires a more substantial anchoring and 
mooring system, 

C. - Curtain selection connectors. For low current situations 
under 0.1 knot, most connectors that maintain physical 
contact along the entire skirt joint are acceptable, such 

8 as the rope bolt and slotted tube, plastic zipper, Velcro, 
or aluminum extrusion. Rope lacing, nut and bolts through 
grommets, or other connections that do not maintain physical 
contact along the full length of the skirt are unacceptable. 
The connectors may also be of the load or the no-load type. 

In a high current situation, the connector must be of the 
load type, so that tension is transmitted through the 
connector. The connector should provide physical contact 
with the skirt along the entire vertical dimension of the 
skirt. An aluminum extrusion type connector, or equivalent, 
should be specified. Because the load type connector is 
in constant tension the seal will be more efficient and 
less subject to developing leaks than the no-load type. 
This is particularly important under conditions of flare, 
when most no-load connectors either open or develop gaps 
that allow leakage. 

d. Fabric. - The fabric should have adequate tensile and tear 
strength; resistance to abrasion, ultraviolet deterioration, 
and mildew; and be of a clearly visible color. 

A material such as nylon base with PVC coating or eq,uiva- 
lent, should be specified. 
18 oz/yd2. 

The weight should be at least 
A minimum tensile strength of 300 lb/in, a 
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minimum tear strength of 100 lb, and a minimum abrasion 
resistance, as determined by a tensile strength of not 
less than 200 lb/in after abrasion, should be specified. 

e. - Buoyancy. The buoyancy should be selected so that the 
buoyancy ratio (ratio of buoyancy to curtain weight) is 
at least 5. The material should be sections of solid 
closed-cell plastic foam "log," with a maximum length 
of 10 ft, and should be contained in sealed fabric pockets 
in the curtain, Individual logs attached to grommets are 
unsatisfactory. 

f- Ballast. The ballast should be in the form of a chain 
sewn into a pocket at the base of the skirt. The chain 
should be slightly longer than the skirt, should be 
physically terminated at the connector, and should be 
resistant to corrosion in fresh water or sea water. 

Curtain Geometry 

167. There are two basic cases to consider in selecting a curtain 

geometry for disposal operations: disposal on or near shore, such 

as beach nourishment or upland disposal vlJith a return flow, or open-water 

disposal when the disposal area is completely surrounded with water. 

The primary factors influencing curtain configuration for these two 

cases are tide and current as well as boat traffic. 

a. Nearshore case. In the case of a return flow from an - 
upland disposal area, a beach nourishment project, or a 
marsh creation project, the basic configuration should 
be a semicircle with the curtain ends anchored on shore. 
The radial distance from the beach is partly determined 
by the water depth and partly by the desired volume to 
be enclosed by the curtain. It may also be determined by 
environmental regulations that specify the allowable tur- 
bidity levels at a fixed distance from the disposal pipe. 
Since high concentrations of suspended solids within the 
curtain are desirable to enhance flocculation, the curtain 
need not be excessively large. Most of the material either 
settles out immediately within the curtain, or is trans- 
ported under the curtain as a fluid mud flow. The primary 
function of the curtain is to control the dispersion of 
the remaining suspended solids. These considerations 
suggesting a small enclosure must be balanced against the 
possibility of the skirt being buried by deposited material. 
Procedures for estimating the likelihood of burial for the 
scheduling movements of the curtain to avoid burial were 
presented in the discussion of deployment in the earlier 
section on anlaytical investigations. 
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Moreover, it is critical that the curtain maintains its 
shape as the tide and currents change. (This will be 
discussed in the anchoring and mooring section.) Dis- 
charge should take place near the beach to minimize the 
dissipation of the momentum of the discharged material. 

b* Open-water case. In this case the curtain is completely 
surrounded by water and the current may or may not be 
reversible. Curtain geometry choices include the maze, 
a U-configuration, and an elliptical (or circular) confi- 
guration. The maze configuration has been shown earlier 
in this report to be unsatisfactory. 

If the current is unidirectional and does not reverse with 
the tide, a U-configuration is acceptable. If it reverses, 
an elliptical configuration is required. The latter case 
requires extensive anchoring, as will be described in the 
anchor and mooring section. From an anchoring point of 
view, the circular configuration is more acceptable than 
the ellipse. 

* As the current increases, the flow through the volume 
within the curtain increases and the retention time 
decreases. In currents over a few tenths of a knot, 
there is a retention time of only a few seconds and vir- 
tually all of the suspended solids are rapidly transported 
under the skirt and downstream. Dilution reduces the 
turbidity levels and unless turbulence is present, most of 
the suspended material do not return to the upper water 
column, Since the primary effects are caused by changes 
in the vertical water current velocity profile near the 
curtain, the goal should be to provide an adequate length 
of curtain to completely inclose the plumes so that there 
is no leakage around the ends of the curtain. Typical 
curtain lengths for the U-configuration might be 500 to 
1500 ft with perhaps double this length for the elliptical 
or circular configuration. As the current decreases, the 
plume may spread farther due to the decreased current 
within the enclosure so that a larger gap ratio (ratio 
of mouth opening to curtain length) may be required to 
prevent end leakage. 

Transport and deployment 

168. This section covers the transportation of a curtain from 

the storage facility to an unloading site and the deployment of the 

curtain from the unloading site to the position in the water where it 

will be used. 
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a. - Transport. The critical item in transporting is the 
care-in-handiing that must be exercised. All curtains, 
new or used, should be furled and folded into a com- 
pact package before being moved. The furling operation, 
shown in Figure 73, consists of laying a section of cur- 
tain flat on the ground and then rolling it up length- 
wise starting with the bottom (ballast). After being 
rolled up it should be tied every 3 - 5 ft with light 
straps or cord that can be easily cut during deployment. 

A-+ 
strap flotation 

h fi 

(, I 
I 

skirt 

A+ 

ballast chain 

View AA 

Figure 73. Packaging a silt curtain 

After the curtain has been furled, the furled segments 
should be folded against each other accordion style and 
tied with heavy straps or rope. The packages should be 
lifted in and out of'the transport vehicles (large trucks 
or trailers) and not dragged on the ground. 

b. Deployment. There are two distinct methods of curtain - 
deployment. The first method is to load the curtain onto 
the open deck of a workboat, transport it to the site, 
and then maneuver the curtain into the water. The second 
method is to unload the curtain from the transport vehicle 
into the water and then tow it to the site where it will 
be moored. Each of these methods will be discussed in 
detail below. 

(1) From land. 

The first step is to unload the curtain from the 
transport vehicle, maneuver it into the water, and 
then move the curtain from the launching area to 
the site where it will be used. Here again, the 
critical item is care-in-handling. Launching a 
curtain is usually done from a ramp, pier, or the 
shore. A launching ramp is ideally suited for this 
purpose, since the truck is down at water level. 
Additionally, the body is angled down toward the 
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(2) 

water, minimizing the angle at which the last few 
sections of the curtain are dragged over the tailgate 
of the truck during withdrawal. On a ramp, the rear 
tires should be as far into the water as feasible, so 
that the curtain will not scrape bottom as it pays 
out. Care should be taken that the curtain is not 
torn while dragging it over the truck tailgate. One 
method of minimizing this danger is to cover the 
tailgate with a heavy sheet of cardboard. This not 
only reduces the friction between the curtain and 
the truck but also covers any sharp projections on 
the tailgate. A roller may also be installed on the 
tailgate. 

If a pier is used, the truck should be positioned 
such that the curtain can pass directly into the 
water, without being dragged over the edge of the 
pier. Launching from the shore is a suitable alter- 
native only if the beach is smooth without any sharp 
objects that could tear or abrade the curtain. 

As the curtain is payed out the sections may be 
joined together. All furling lines except for those 
near the end connectors must be kept tied for ease 
in towing. After the furled curtain is in the water 
and assembled, it is towed to the disposal site by 
boat. 

From a boat 

There are three steps involved in this deployment 
procedure, First, the curtain is unloaded from the 
transport vehicle and maneuvered onto the open deck 
of a workboat. The boat must have an adequate open 
deck area to hold the curtain sections. After the 
curtain has been loaded aboard the boat, it can be 
taken to the site. The third step, deployment, can 
be accomplished in a manner similar to that described 
above for deployment from a launching ramp. 

Anchoring and mooring 

169. Improper anchoring and mooring has historically been one of 

the major reasons for silt curtain ineffectiveness and catastrophic 

failure. Under no circumstances should the curtain be directly attached 

to pilings or poles driven into the bottom. While this is especially 

critical in areas where there are tidal variations, it is equally impor- 

tant in any situation where waves or tides may cause the curtain to move 

vertically against the supports. 
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170. The recommended mooring system (Figure 74) consists of an 

anchor with adequate holding power, a chain to reduce chafing and to 

decrease the rode angle, an anchor rode (line or cable) of sufficient 

length to minimize the angle between the rode and the bottom, a mooring 

buoy to pull the curtain horizontally, and a crown buoy to locate and 

release the anchor. 

171. Anchoring configurations are shown in Figure 75 for the U 

and D configurations. It is best to use a radial anchor line for every 

100 ft of curtain. If the water current changes direction with the 

tide anchoring must be done on both sides of the curtain to minimize 

curtain movement. The amount of curtain movement occurring between 

anchor points is determined by the gap ratio (mouth opening/curtain 

length). Small ratios allow more movement and possible scouring if 

the curtain touches the bottom; large ratios (= 1) require heavy 

mooring and anchoring systems to carry the load generated by the curren 

172. Figure 76 shows the anchor tension in each line when the 

lines are radially attached to a curtain at intervals of 100 ft and 300 

ft, as a function of water current for two different gap ratios. Thus, 

the tension in each anchor line of a silt curtain system radially 

anchored every 300 ft in a one-knot current is about 3300 lb for a 

gap ratio of 0.9 and 950 lb for a ratio of 0.5. In the case of 

100-ft radial anchoring, the tensions are 1100 lb and 325 lb, respec- 

tively. 

173. The tensions in Figure 76 were calculated assuming a long 

curtain with segments that are essentially straight lines, (Figure 

77) Where the tensions in adjacent segments have opposing components 

and partially balance each other, the tension can be somewhat higher 

for configurations with a corner (Figure 77b) (i.e., a rectangular 

configuration) because the tensions of adjacent segments tend to be 

aligned and therefore reinforce each other. In addition, the analysis 

did not take into account the catenary effect of the anchor rode 

itself; thus, the values in Figure 76 are low and should probably 

be increased by 1.5 to 2.0 times. 

168 



....... ....... 
7 

\ Ql 

169 



CURRENT 

RIVER 
TIDAL 

U CONFIGURATION 

SINGLE ANCHOR SINGLE ANCHOR 
OR PILING OR PILING 

D ,CONFl,GURATlOPJ TO SHORE 

BUOY 

CURRENT 
DIRECTION 

I 

t 

Figure 75. Recommended anchoring configurations 
170 



60C 

2oc 
Anchor 
tens ion 

(lb) 

60 

Note: Tension in tension 
Gap ratio = 0. 5 cable is approximately one 

-------- Gap ratio = 0.9 half the anchor tension. 

I 
,I 

/ 03ZY-ft curtain 
/ 

/ 
/ 

/ 
/ 

/ 
/ lOO-ft curtain 

1.0 1. 5 

Water current (knots) 
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Figure 77. Mooring tension in straight (a) and corner (b) 
segments of a silt curtain 
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Figure 78. Anchor data (holding 
power of anchors, in lb) 
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174. Figure 78 shows the typical holding power for a number of 

different anchors. It is interesting to note that most anchor types do 

not have adequate holding power for silt curtains in high currents 

(i.e., greater than 0.5 knots). 

175. Table 7 shows the ultimate tensile strength of various lines 

that may be used as anchor rodes. Assuming a safe working load of one- 

third the ultimate tensile strength, it can be seen that the case of 

a 100-ft radial anchoring system, as described above, (gap ratio of 0.9) 

would be adequately sized by using a one-half inch polypropylene line. 

176. Thus, the anchoring and mooring requirements for a given 

water current environment can be arrived at by: 

a. - Selecting a configuration (U, D, or perhaps circular 
in a tidal situation with reversing currents). 

!?* Selecting the spacing between radial anchor lines 
(100 or 300 ft). 

C. - Determining anchor holding power and anchor rode 
tension from Figure 74. 

a- Selecting the anchor from Figure 74. 

e. - Selecting the anchor rode from Table 7. 

Maintenance 

177. A proper maintenance program extends the life of the silt 

curtain by a substantial margin and thereby minimizes the overall expense 

of a silt curtain installation. The procedures recommended below are 

designed to provide this service. 

178. Daily Maintenance. The silt curtain installation should 

be checked each day for failures that occurred in the previous 24 hr. 

period. The purpose of daily inspection is to detect a failure quickly 

and to repair or isolate it to prevent the spread of damage. The 

inspection should be made in situ from a small outboard workboat that 

can be brought up close to the curtain. It is recommended that the 

workboat be run along one side of the curtain and then moved to the 

other side so that both sides are thoroughly examined for the following: 
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Table 7 

Ultimate Tensile Strength of Various Line (lb) 

Diam 
(In. > 

l/4 

3/8 

l/2 

314 

Type 
High 

Braided Strength 
Manila Polypropylene Nylon Nylon Chain 

600 1,100 1,500 2,200 6,500 

1,350 2,150 3,000 4,800 13,000 

2,650 3,700 5,500 8,300 22,000 

5,400 7,000 11,500 18,000 46,000 
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a. Check flotation logs for abrasion, cuts, and holes in - 
the skin that seals them. Also check for tears in the 
skirt at the point of attachment to the flotation log. 

b. - Check the connectors for mechanical damage and tears 
in the fabric where they are attached to the skirt. 

C. - Look for turbidity leaks that might be caused by 
holes in the submerged skirt. 

d* Inspect the anchor assemblies for parted lines and 
signs that the anchors have dragged under mooring loads. 

e. Watch for indications that the bottom of the curtain - 
is being buried by the mud flow from the discharge 
operation. When this occurs, the mud pulls the curtain 
downward causing the local flotation logs to submerge 
gradually and disappear. 

Damage to a curtain section can be repaired in three ways. If the 

damage is relatively small and is accessible, as with cuts in the log 

skin, repairs can be made from the workboat without removing the 

section from the water. If the damage is severe, the damaged section 

should be removed from the array and taken ashore to be repaired. A 

sp'ire section can be installed to replace the damaged section or possibly 

the silt curtain array can be closed up sufficiently so that it can 

be rejoined without using a spare. Anchor lines can be replaced and 

anchors moved back to and reset at their original locations with the 

assistance of a work barge and a pair of scuba divers. 

179. Retrieval Maintenance. Each time the silt curtain sections 

are retrieved and brought ashore, curtain maintenance should be carried 

out immediately before the curtain is placed back into service or storage. 

All marine growth and barnacles must be removed from fabric while still 

wet because on drying the barnacles become very hard and when broken 

the shells are sharp and abrasive. If the curtain is handled in this 

condition, the barnacle remains can cut and abrade the fabric severely. 

In the wet state, marine growth can be removed by wire brushing and 

scraping. For this procedure it is helpful to lay each section out at 

full length on a clean, flat surface. If the curtain has been exposed 
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to oil or oil scum, those sections must be washed with an appropriate 

detergent, rinsed clean, and thoroughly dried. 

180. Each curtain section should then be examined thoroughly and 

all rips, tears, and abrasions marked for repair. In the case of 

extensive damage the curtain section must be returned to the manufac- 

turer for repair. Spare curtain sections should be stocked as replace- 

ments for badly damaged sections while they are out being repaired. 

Lesser damage can be repaired in the field using kits furnished by the 

manufacturer. These usually include patch fabric, cement, and instruc- 

tions for their use. All damaged or broken hardware such as carry 

handles, curtain connectors, and tension cable clamps should be repaired 

or replaced. Anchor assemblies should be inspected for damages or 

breakage and the necessary repairs made. Upon completion of retrieval 

maintenance procedures, each curtain section should be in as good 

working order as it was originally. 

Retrieval 

181. Retrieval can be the most difficult and damaging phase of 

silt curtain handling operations. Unlike the deployment phase the curtain 

must be handled in the unfurled state which makes it very bulky and 

unwieldy. Because of this the curtain is prone to damage during its 

loading onto the workboat. Particularly susceptible are the flotation 

logs if they are molded, rigid foam and any protuberances such as 

fittings, handles and connectors that can hang up on workboat obstacles 

and tear the fabric. In order to avoid these problems the retrieval 

process must be thoroughly developed, well organized, and operating 

personnel properly trained beforehand. The following set of guidelines 

can be used as a basis for such a retrieval procedure. 

a. - If possible, conduct the retrieval operation during 
periods of calm weather and low currents. 

b. Disconnect the intermediate anchor lines from the - 
curtain and haul in each anchor assembly (ref. Figure 
74) before opening the silt curtain enclosure. 

176 



C. - Open the curtain at a point or points such that the two 
free-floating lengths are secured by at least one major 
anchor and they float freely in enough water to accommo- 
date the workboat. From the downstream side come up on 
the end of the first length of curtain to be removed 
from the water and begin the retrieval operation. 

4. A manual operation requires 4 to 6 men (depending on 
curtain size and weight) working from a flat deck at 
least 15 ft wide by 30 ft long. An outboard trimaran 
flattop workboat is well suited for this task. The 
curtain is hauled aboard by 2 to 3 men stationed along 
each edge (bottom and top) of the curtain. Care must 
be exercised so that projecting hardware and the flo- 
tation logs do not hang up on the forward edge of the 
deck over which the curtain is hauled. A 4 to 6 in. 
diameter by 15 ft long roller mounted along this edge 
virtually eliminates such damage. As the curtain is 
hauled onboard, the workboat should be advanced along 
the curtain so the deck crew does not have to haul the 
boat as well as the curtain. Once onboard the curtain 
can be arranged in flat folds or it can be furled, tied 
and zig-zagged around the deck. Furling the curtain 
on the workboat is far more difficult than furling it 
on shore and should not be attempted other than under 
emergency conditions. Since the curtain must be laid 
out flat for cleaning and maintenance after it has 
been brought ashore, it should be stacked on deck in 
flat folds preferably on a large pallet or skid that 
allows the stack to be craned off at the shore unloading 
point, The stack is then transported to the maintenance 
area where the curtain sections are craned off the 
skid and laid out flat at full length. If shore crane 
services are not available, the curtain sections must 
be unloaded manually from the workboat and laid out 
flat. Abrasion wear is virtually unavoidable in this 
operation since the curtain must be dragged over the 
rough pavement. 

e. - If a work barge is available with power crane and 
winching services, the retrieval operation can be 
accomplished faster and more efficiently than by manual 
means. This will be an important consideration when 
the retrieval periods are time-limited as in the case 
of high tidal currents. 
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Storage 

182. When the repair and maintenance procedures have been completed 

on the retrieved silt curtain, it is placed in storage until the next 

occasion for its use. The method of storage should provide proper protec- 

tion against physical damage and the weather and it should enable a 

smooth moving operation into and out of storage. The recommended method 

is to lay the curtain sections in flat folded piles on the same deck 

pallets that were recommended for the retrieval operation (paragraph 181). 

The loaded pallets are carried into a shed or warehouse and stacked neatly 

on top of each other undercover from the weather. For the next curtain 

job the palletted sections are moved directly to the piers, loaded onto 

the deck of the workboat, transported at high speed to the discharge site, 

deployed, and installed in the curtain array. If for some reason the 

pallet concept cannot be implemented, the original shipping container 

should then be utilized for storage. Under no conditions should the 

curtain sections be stored on the ground in an open area where their 

exposure to the weather can create mildew and corrosion problems, vehicles 

can run over sections and damage flotation logs, and personnel can climb 

over the stacked sections and puncture the skirt fabric. 
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CHAPTER V: RESULTS AND CONCLUSIONS 

183. Silt curtains or turbidity barriers are impervious, vertical 

barriers that extend from the water surface to a specified depth. They 

are commonly used around dredging and disposal operations to inclose an 

area containing turbid water. The flexible, nylon-reinforced vinyl 

fabric forming the barrier is maintained in a vertical position by flo- 

tation material at the top and a ballast chain along the bottom. A 

tension cable is often built into the curtain to absorb loads imposed by 

currents and other hydrodynamic forces. The curtains are usually manu- 

factured in lOO-ft sections that can be joined together at a particular 

site to provide a curtain of specified length. Anchored lines hold the 

curtain in its deployed configuration. 

184. Data obtained from detailed analytical investigations and 

several field operations where silt curtains were used to surround open- 

water pipeline disposal operations or upland containment area effluent 

discharges indicate that silt curtains that are properly deployed and 

maintained do control the flow characteristics of the turbid water in 

the vicinity of the area inclosed by the silt curtain. In the case of 

open-water pipeline disposal operations the vast majority (95 percent or 

more) of the dredged material slurry descends rapidly to the bottom where it 

forms a fluid mud layer that slopes away from the discharge at an approxi- 

mate gradient of 1:200. The remaining 5 percent or less of the dredged 

material slurry is responsible for the turbidity in the water column 

above the fluid mud layer. While the curtained area provides an inclo- 

sure where some of the fine-grained material may flocculate and/or 

settle, most of this fine-grained suspended material remains in the 

water column above the fluid mud layer and escapes with the flow of 

water and fluid mud under the curtain. In this manner a silt curtain 

that is properly deployed and maintained provides a mechanism for 

controlling the dispersion of turbid water by diverting its flow under 

the curtain, thereby minimizing the turbidity in the water column 

179 



outside the silt curtain. Unfortunately as the current velocity in the 

vicinity of the silt curtain increases, the amount of turbulence also 

increases. This results in resuspension of the fluid mud and may cause 

some turbid water to come up toward the surface outside the curtain. 

185. Whereas silt curtains may effectively control the flow of 

turbid water, they are not designed to contain the fluid mud layer 

within the curtained area and apparently have little effect on the accu- 

mulation of fluid mud except possibly in the immediate vicinity of the 

curtain. In fact, when the fluid mud layer reaches the depth of the 

ballast chain along the lower edge of the skirt, the curtain must be 

moved out away from the discharge; otherwise sediment accumulation on 

the lower edge of the skirt will pull the curtain underwater and even- 

tually bury it. 

186. In this particular study the effectiveness of a silt curtain 

in controlling turbidity is defined as the degree of turbidity reduction 

outside the curtain relative to the turbidity levels inside the curtain 

inclosure. Silt curtain effectiveness depends on several factors such 

as the nature of the operation; the quantity and type of material in 

suspension within or upstream of the curtain; the characteristics, con- 

struction, and condition of the silt curtain as well as the area and 

configuration of the curtain inclosure; the method of deployment; and 

the hydrodynamic conditions (i.e., currents, tides, waves, etc.) present 

at the site. Because of the high degree of variability in these factors, 

the effectiveness of different silt curtains operations is also highly 

variable. In some cases where relatively quiescent current conditions 

(0.1 knot or less) are present, turbidity levels (measured in terms of NTU's 

or mg/a) in the water column outside the curtain can be as much as 80 to 

90 percent lower than the levels inside or upstream of the curtain. 

While there may be a turbid layer flowing under the curtain, the amount 

of suspended material in the upper part of the water column, as a whole, 

is substantially reduced. However, the effectiveness of silt curtains 

can be significantly reduced in high energy regimes characterized by 

currents and turbulence. High currents cause silt curtains to flair, 
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thus reducing the curtain's effective depth; turbulence also tends to 

resuspend the fluid mud layer and may cause the turbid layer flowing 

under the curtain to resurface just beyond the curtain. However, even 

under conditions of medium current (up to 0.5 knot), a properly deployed 

and maintained center tension curtain can be effective. In other cases, 

where anchoring is inadequate and particularly at sites where tidal 

currents dominate the hydrodynamic regime and probably cause resuspen- 

sion of the fluid mud as the curtain sweeps back and forth over the 

fluid mud with changes in the direction of the tidal currents, the 

turbidity levels outside the curtain can be higher (as much as 10 times) 

than the levels inside the curtain. With respect to overall effective- 

ness and deployment considerations a current velocity of approximately 

1 knot appears to be a practical limiting condition for silt curtain 

use. 

187. To maximize the effectiveness of silt curtains, a predredging 

survey should be conducted to evaluate the water depth, tides and 

currents, sediment types, and background levels of turbidity at the 

site of operation. The silt curtain used should be compatible with 

the environmental conditions at the deployment site and should be selected 

such that the skirt is always at least 1 ft off the bottom to allow the 

fluid mud to flow under the curtain, thus preventing sediment buildup 

along the lower edge of the skirt. The skirt should be no longer than 

10 ft, except possibly in environments where there is no current. With 

respect to the tension member a center tension curtain will provide a 

slightly greater effective skirt depth than either the top or bottom 

tension designs in a specified current because it does not flair as 

much as a top tension curtain; however, the center tension system re- 

quires a more substantial anchoring/mooring system. Dual tension cables 

provide no advantage over a single center tension. In high current 

situations, the curtain sections should be joined with load type 

(preferably aluminum extrusion) connectors. The curtain fabric should 

be equivalent to an 18 oz nylon reinforced vinyl material with a 
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tension strength of at least 300 lbs/in and a minimum tear strength of 

100 lb. The ratio of buoyancy to curtain weight should be at least 

five. Ballast should consist of a corrosion resistant chain sewn into 

a pocket at the base of the skirt. Off-the-shelf silt curtain products 

which meet the specifications developed in this study are available. 

188. Regardless of their construction, silt curtains must be 

handled very carefully while they are being transported and deployed 

at the site. Transportation in a compact package with the curtain 

furled and folded accordian style into a van is recommended. It can 

then be transported from the shore to the site on a transport barge 

or it can be maneuvered into the water, towed to the site with the 

skirt in the furled position, and deployed. After deployment the skirt 

is unfurled. 

189. The type of deployment configuration used at the site has 

a substantial influence on the effectiveness of the curtains. There 

are three basic configurations: open, closed, and maze configuration. 

With the closed configuration the ends of the curtain may be anchored 

to the shore or the entire length may be deployed in a circular or 

elliptical shape. The open configuration, which forms a catenary shape 

when moored at its ends in a current normal to a line be- 

tween the two mooring points, may be used in rivers when there is 

considerable boat traffic or where it must be moved frequently. The 

maze configuration can also be used where boat traffic is present; 

however, it appears to be only marginally effective in controlling 

turbidity. The curtain must form an unbroken seal around the down- 

stream of the turbidity source to effectively reduce the turbidity 

levels. 

190. In most cases, and especially where current flow reverses 

direction over a tidal cycle, the curtain should be anchored on both 

sides at lOO-ft intervals to minimize its movement. The recommended 

mooring system consists of an anchor with adequate holding power, a 

chain to reduce chafing and to decrease the rode angle, an anchor rode 
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(line or cable) of sufficient length, a mooring buoy to pull the curtain 

horizontally, and a crown buoy to locate and release the anchor. 

191. After a silt curtain has been properly deployed, its effec- 

tiveness can be maximized only if the curtain is properly maintained. 

This entails moving the curtain away from the turbidity source just 

before the fluid mud layer reaches the depth of the skirt, maintaining 

the integrity of the curtain by repairing leaking connectors and/or 

tears in the curtain fabric, and replacing worn or broken anchor lines. 

Improper maintenance will not only decrease the curtain's effectiveness 

on a particular operation but will also increase the cost of recondi- 

tioning the curtain for reuse. 
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APPENDIX A: MANUFACTURERS OF SILT CURTAINS 

The following is an alphabetical listing of companies who manufac- 

ture silt curtains and whose products were reviewed during this study. 

a. - 

b. - 

C. - 

Ai- 

e. - 

f. - 

Is* 

Acme Products, Inc. 
2666 N. Darlington Street 
P.O. Box 51368 
Tulsa, Oklahoma 74151 
Tel. (918) 836-7184 

American Marine, Inc. 
401 Shearer Blvd. 
Cocoa, Florida 32922 
Tel. (305) 636-5783 

Erosion Control 
320 Lakeview Avenue 
West Palm Beach, Florida 33401 
Tel. (305) 655-3651 

Kepner Plastics Fabricators, Inc. 
4221 Spencer Street 
Torrance, California 90503 
Tel. (213) 772-3246 

Slickbar, Inc. 
250 Pequot Avenue 
P.O. Box 139 
Southport, Connecticut 06490 
Tel. (203) 255-2601 

Uniroyal Plastic Products 
Mishawaka, Indiana 46544 
Tel. (219) 255-2181 

William Warne and Co., Ltd. 
U.S. Distributor 
Surface Separator Systems, Inc. 
103 Millar Avenue 
Baltimore, Maryland 21228 
Tel. (301) 747-4744 
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APPENDIX B: NOTATION 

a- constant in parabolic equation for curtain shape, ft -1 

a- 2 virtual mass of silt curtain n pws , slugs/ft 
z 

Aw - waterplane area of flotation element, ft2/ft 

b- coefficient of water damping force on curtain, (ft-lb)/sec 

B- residual buoyancy of silt curtain, lb/ft 

Bc - buoyant force acting on curtain, lb/ft 

c - water column concentration, lb/gal 

c - heaving stiffness of curtain p A w w' lb/ft 

c - surface wave speed (celerity), ft/sec 

'd - drag coefficient dimensionless 

d- diameter of flotation element, ft 

d- water depth, ft 

d 
P 

- particle diameter, in. 

D- actual curtain depth, ft 

D- hydrodynamic drag force acting on silt curtains, lb/ft 

f - 
n 

natural frequency of silt curtain in heave, H z 

F- force opposing PC, lb/ft 

h- curtain depth, ft 

h- initial bottom opening under silt curtain, ft 

he - effective depth of curtain, ft 

hl - depth of lower curtain half, in. 

h2 - depth of upper curtain half, in. 

H- wave height 2r, ft. 
Bl 



H- 

H- 

H - 
max 

ID - 

k- 

II- 

L- 

L- 

m- 

m- 

M- 

M- 

M1 - 

NTU - 

P- 

p1 - 

pc - 

q- 

Q- 

r- 

height of the conical mound under the discharge barge, ft 

water depth for submerged curtain, ft 

maximum wave height before breaking, ft 

inside diameter of discharge pipe, ft 

volume fraction of solids that do not settle in mound, dimensionless 

length of anchor cable, ft 

curtain length, ft 

length of surface wave, ft 

mud flow concentration, lb/gal 

mass of silt curtain, slugs/ft 

mouth opening of curtain array, ft 

component of anchor cable tension that acts normal to the skirt of 

a bottom tension curtain, lb/ft 

flaring movement on lower curtain half, (in.-lb)/in. 

component of anchor cable tension that acts tangent to the skirt 

of a bottom tension curtain, lb/ft 

nephelometric turbidity unit 

current pressure, lb/in.2 

flaring force of lower curtain half, lb 

net current force, lb/ft 

mass flow rate of solids for dredge discharge, lb/min 

volume flow rate of dredge discharge, gpm 

mass flow rate of solids leaving silt curtain control volume, 

lb/min 
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r- 

r- 

r - max 

R- 

R- 

R -’ 

Rh - 

s - 

s - 

t- 

t - 

T- 

T- 

T- 

T- 

T- 

T- 

T - 
n 

uv - 

V- 

'b - 

amplitude of wave motion, ft 

radius of circular silt curtain array, ft 

maximum wave amplitude before breaking, ft 

volume flow rate of mixture leaving silt curtain control volume, gpm 

curtain gap ratio M/L, dimensionless 

radius of the circular base of the conical mound, ft 

effective curtain depth ratio he/h, dimensionless 

half-width of flotation element, ft 

slope of the conical mound, dimensionless 

mass flow rate of solids in turbid mixture leaving silt curtain 

control volume, lb/min 

time, set 

volume flow rate of turbid mixture leaving silt curtain control 

volume, gpm 

period of wave system, set 

tension in curtain, lb 

tension in anchor cables of dual tension curtain, lb/ft 

tension in anchor cable of bottom tension curtain, lb/ft 

duration of pumping or operation period for silt curtain array, 

days 

natural period of silt curtain in heave, set 

ultra violet radiation 

water velocity, ftfsec 

volume of mounded material, ft3 
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vc - current velocity, ft/sec 

v - cn component of current velocity, Vc, normal to curtain, ft/sec 

V ct - component of current velocity, Vc, tangent to curtain, ft/sec 

v - 
P 

total volume of slurry pumped, ft3 

vs - settling velocity, ft/hr 

V sb - total volume of solids in the conical mound, ft3 

v - 
sP 

total volume of solids pumped, ft3 

W- transport speed, ftlsec 

W max - transport speed in waves of maximum height, ft/sec 

W- volume flow rate of water into silt curtain control volume, gpm 

wc - 
weight of curtain, lb/ft 

X- transverse coordinate of curtain shape, ft 

Y' longitudinal coordinate of curtain shape, ft 

z- vertical displacement of float, ft 

z. - amplitude of float motion, ft 

a - mass parameter (m+a>/a, dimensionless 

cB - solids ratio of the mounded material by weight, dimensionless 

oP - 
solids ratio of pumped slurry by weight, dimensionless 

'B - 
solids ratio of the mounded material by volume, dimensionless 

@P - 
solids ratio of pumped slurry by volume, dimensionless 

E - phase angle by which float motion lags wave motion, deg 

11- angle between anchor cable tension T and its component M tangent 

to the skirt, deg 
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K - damping parameter wn b/c, ftL/seCL 

A- circular frequency parameter w/un, dimensionless 

v - 
W 

kinematic viscosity of water, ft2/sec 

W- circular frequency of wave motion, radians/see 

w - n natural frequency of silt curtain in heave, radians/set 

5 - flare angle of lower half of curtain, deg 

@2 - flare angle of upper half of curtain, deg 

$- angle between curtain skirt and horizontal plane, deg 

CT - curtain drag parameter l/2 p, Vc2 h Cd, lb/ft 

pP 
- density of particle, slugs 

Pw - density of water, slugs 

Y- curtain tension parameter 2T/(Lpw Vc2 h Cd), dimensionless 

0 - angle between tangent of curtain and X - axis, ft/sec 

c - vertical displacement of wave surface at the float, ft 
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